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Abstract: Metal ions possess unique catalytic, immunomodulatory, and antimicrobial properties, demonstrating multimodal ther-
apeutic potential in chemodynamic therapy, tumor immunotherapy, tissue regeneration, and anti-infective applications. This review
systematically outlines metal-based biomaterials, including metal-organic frameworks, nanoparticles, mixed matrix membranes, and
protein-inspired metal polymers, as well as design strategies such as multi-metal synergy, dynamic responsiveness, biomimetic
structures, and three-dimensional printing. Drawing on the principles of coordination chemistry, electron transfer, and signaling
pathway interference, we elucidate the core mechanisms by which metal ions regulate cell death, immune responses, and tissue
regeneration. Nevertheless, approximately 85% of current research remains at or below the cellular level, with in vivo studies
accounting for less than 85%, and human clinical studies are completely lacking. Most metal ions have a narrow therapeutic window;
non-specific release may induce oxidative stress and organ toxicity, and the long-term in vivo behavior of engineered carriers remains
poorly understood. Key translational challenges include the absence of standardized guidelines for evaluating release kinetics and
toxicology, difficulties in scalable manufacturing and batch-to-batch consistency, and unpredictable interactions with the host’s
endogenous metal pool and immune system. In summary, metal-based biomaterials exhibit broad application value and unique
therapeutic potential in the fields of antitumor therapy, anti-infection, tissue repair, and theranostics. Although current readiness for
clinical translation remains at an early stage, the translational potential of these materials warrants further investigation. Future efforts
should focus on systematic in vivo validation and optimization of material design to facilitate progression toward clinical application.
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Introduction
The design of biomaterials has undergone a transition from inert bulk implants to bioactive systems capable of actively
modulating host responses. Among these, metal-based biomaterials have garnered considerable interest owing to their
distinctive physicochemical and biological properties. Over the past decade, numerous reviews have summarized the
synthesis and applications of metal-containing nanomaterials from a materials science perspective, often emphasizing
nanoscale size effects. However, a critical paradigm shift is currently underway: researchers are increasingly recognizing
that many remarkable biological effects, such as antibacterial, immunomodulatory, and tissue-regenerative functions,
which do not originate from the collective physical properties of the nanoparticles themselves, but are actively mediated
by metal ions released from or exposed on their surface. This transition from particles to ions, and the metal ion-mediated
mechanism it entails, represents an emerging conceptual framework.

Metal ions play a pivotal role in the development and application of biomaterials, particularly in the context of disease
treatment. These ions significantly influence the biological behavior of materials used in various medical applications,

including cancer therapy, infection control, and tissue regeneration. The unique properties of metal ions, such as their
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ability to participate in redox reactions, facilitate enzymatic processes, and modulate cellular functions, render them
valuable components in the design of advanced biomaterials."* Zinc, iron, copper, magnesium, and strontium, for
instance, have been demonstrated to promote osteogenesis, angiogenesis, and antibacterial activity, thereby improving
outcomes in bone defect repair and beyond.>

However, existing accounts often rely on broad, generic statements regarding the anti-tumor, antimicrobial, and
tissue-repair functions of metal ions, without critically examining the underlying mechanisms or the strength of the
evidence. For example, although it is frequently stated that copper or zinc ions induce reactive oxygen species (ROS)-
mediated cell death,®” the concentration dependence, cell-type specificity, and off-target effects are rarely systematically
compared across studies. Similarly, the antimicrobial effects of silver or copper ions are often presented as a given, yet
the quantitative relationship between ion release kinetics, bacterial resistance development, and host cell toxicity remains
underexplored.®® Polymer-based hydrogels, for instance, can also deliver bioactive molecules, support cell infiltration,
and modulate inflammation without the risk of metal toxicity.'® Small-molecule drugs achieve targeted anti-tumor or
antimicrobial effects with well-defined pharmacokinetics.'' Biologics enable potent, specific modulation of signaling
pathways.'? Given these alternatives, the mere demonstration that metal ions can inhibit tumors or kill bacteria does not
constitute a knowledge gap; it merely restates the obvious. The true gap lies in the absence of a critical, comparative
framework that identifies when and why metal ion-mediated strategies are superior, equivalent, or inferior to non-metallic
ones, and under what conditions the trade-off between bioactivity and toxicity is justified.

Numerous reviews have focused on metal-containing nanomaterials, such as gold nanoparticles and magnetic iron
oxides, with their core paradigm being the nanoscale size effect, wherein the metal elements are often regarded as static
components that endow the nanostructures.'® Instead of descriptively cataloging functions, we explicitly compare metal-
based biomaterials with non-metallic platforms across key parameters: mechanism of action, multi-targeting capacity,
spatiotemporal controllability, immunogenicity, pharmacokinetics, dose control, biodegradability, regulatory considera-
tions, and clinical translational hurdles. We argue that the unique value of metal ions lies in their ability to simultaneously
engage multiple biological targets coordination, redox, and which as

through ion-signaling pathways,

a polypharmacology that is difficult to achieve with conventional small molecules or biologics. Conversely, we
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acknowledge their limitations: potential systemic toxicity, complex pharmacokinetics, and challenges in achieving
sustained, tunable release. Furthermore, a key question is how to rationally design metal-based biomaterials that
outperform or complement non-metallic alternatives in specific therapeutic contexts, while managing toxicity. Recent
studies have shown that many biological effects (eg, antibacterial, immunomodulatory, pro-angiogenic) do not depend on
the entirety of the nanoparticles but are dominated by the dynamic coordination, electron transfer, or signaling pathway
interference of the released or exposed metal ions.'* Therefore, a three-level conceptual mechanism based on coordina-
tion chemistry, electron transfer, and ion signaling has been proposed, that has not been systematically articulated in prior
reviews.

This review aims to provide a comprehensive overview of the current state of research on metal-based biomaterials
(Figure 1), focusing on their design, functional innovations, and clinical applications. It synthesizes existing knowledge
on the applications of these biomaterials in oncology, infection management, and regenerative medicine, but does so
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Figure | The classification, structural advantages, and functional directions of metal-based biomaterials are outlined as follows. Centered on the regulatory role of metal
ions, these materials are divided into six major branches, including metal-organic frameworks (MOFs), metal nanoparticles, multi-metal synergistic systems, protein-inspired
metallopolymers, and hybrid membrane materials, among others. Each branch offers unique physicochemical advantages, such as high porosity for drug loading,
environmental responsiveness, antibacterial theranostics, and multi-component synergistic therapy. Collectively, these features enable a wide range of multifunctional
biomedical applications, including drug delivery, immune regulation, oxidative stress intervention, and stepwise precision theranostics.
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within the proposed three-level framework and with the explicit boundary conditions defined above. The review is
structured as follows: we first discuss the types of metal materials and the fundamental roles of metal ions in
biomaterials; we then explore advanced material design strategies, followed by a systematic comparison with non-
metallic platforms; subsequently, we discuss comprehensive considerations of drug delivery systems, mechanisms of
metal ion-mediated action and biological effects, and disease treatment applications; finally, we outline clinical transla-
tional hurdles and future directions. By highlighting recent advancements and emerging trends, we underscore the
significance of metal ions in developing innovative therapeutic strategies to address complex disease challenges.
Understanding the mechanisms by which metal ions exert their effects will not only enhance biomaterial design but
also pave the way for more effective and personalized treatment options.'”

Types of Metal-Based Biomaterials

Metal-based biomaterials have garnered significant attention owing to their distinctive properties and potential biome-
dical applications. Based on composition and functionality, these materials can be classified into several categories. They
offer numerous advantages, including specific responsiveness,'® multifunctional integration,'” biocompatibility,'® con-
trolled release characteristics'® and synergistic enhancement,”” thereby serving as powerful tools for precision tumor
therapy. For example, to counteract cancer cell evasion of programmed cell death (PCD) via immunosuppressive
pathways, FeMn@R@H, which possesses acid-responsive properties, and disintegrates in the acidic tumor microenvir-
onment (TME), releasing Fe** and Mn?" ions to initiate Fenton-like reactions for ROS-mediated pyroptosis.'®
Multifunctional integration addresses challenges such as orchestrating osteogenesis and modulating inflammatory
responses with bioactive scaffolds. An example is the integration of poly(lactic-co-glycolic acid) (PLGA), type
I collagen, zinc-imbued metal-organic frameworks (Zn-MOFs), and macrophage chemotactic factor (MCF) via extrusion-

1.7 To address insufficient

based 3D printing, concurrently enabling biological regeneration and inflammatory contro
interfacial bone union, a strategy involving mussel adhesion-mediated ion coordination and molecular clicking applied to
titanium substrates (DPA-Co/GFO) exhibits excellent biocompatibility and effectively promotes angiogenesis and
osteogenesis.'® Numerous nanomedicine platforms have been developed to tackle low survival rates. Two-dimensional
Ti3C, MXene nanosheets (NSs) have emerged as a versatile platform that enhances drug release and biocompatibility
while minimizing toxicity.'” Furthermore, to overcome challenges in immunotherapy such as insufficient T cell activation
and infiltration, carrier-free small molecular self-assembly strategies have been employed. For instance, a Cel hydrogel
composed of glycyrrhizic acid (GA), copper ions (Cu”"), and celastrol (Cel) increases reactive oxygen species (ROS) in

conjunction with GA and Cel, synergistically expediting cellular apoptosis.>’

Metal-Organic Frameworks (MOFs) Materials
Metal-organic frameworks (MOFs) have garnered considerable attention in biomedical applications due to their tunable
pore structures, high drug-carrying capacity, and diverse metal ion sources. Based on metal sources and functionalities,
MOFs can be classified into two main categories: those containing endogenous metals (essential bioelements such as Fe,
Cu, and Zn) and those containing exogenous metals (including Ru, Zr, and Ce). MOFs are crystalline materials composed
of metal ions coordinated with organic ligands, forming porous structures. Their high surface area, tunable pore sizes,
and chemical versatility make them ideal for drug delivery systems, catalysis, and gas storage.?! In biomedicine, MOFs
facilitate controlled release of therapeutic agents, enhance imaging capabilities, and improve cancer treatment efficacy by
providing targeted drug delivery platforms. Recent advancements indicate that MOFs can be engineered to respond to
specific stimuli such as pH or temperature, allowing precise control over drug release in tumor environments.*>

Table 1 summarizes the classification of MOF applications in biomedical contexts. Metal nanoparticles, including
gold, silver, and platinum, exhibit unique physical and chemical properties that differ significantly from their bulk
counterparts. These nanoparticles can enhance the efficacy of therapeutic agents through mechanisms such as photo-
thermal therapy, wherein they absorb light and convert it into heat, selectively destroying cancer cells. Moreover, metal
nanoparticles can serve as drug carriers, improving solubility and bioavailability. Their small size enables enhanced
cellular uptake, making them effective in targeting tumor tissues while minimizing side effects on healthy cells.** Metal-
polyphenol coordination materials leverage interactions between metal ions and polyphenolic compounds to form stable
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Table | Classification of Metal-Organic Frameworks (MOFs) in Biomedical Applications

Classification Metal Type Construction Method Examples Mechanism of Action Ref
Endogenous Fe-MOFs Ligands: NH,-BDC, porphyrin; MIL-101(Fe), Fe Ferroptosis induction: ROS generation via Fe>* | [23]
metal-based Composition: Solvent thermal method (Il)-NH,-BDC Fenton reaction; Drug delivery: pH-responsive
MOFs and microwave assisted synthesis MOF release (eg, DOX, GOx)
Cu-MOFs Ligands: BTC, TCP; Composition: Cu-TCPP-Mn, Catalytic NO release: promotes vasodilation; [24, 25]
Solvothermal method CuS/HKUST- Cuproptosis: interferes with mitochondrial
|@PDA metabolism
Zn-MOFs Ligands: 2-methylimidazole (ZIF-8); ZIF-8 pH-responsive release: degrades in tumor [26, 27]
Composition: Room temperature microenvironment; Antibacterial: Zn** disrupts
stirring bacterial membrane structure
Exogenous Ru-MOFs Pocket modification: Urozoarafarin Ru(ll)-warfarin- Antitumor: slow release of Ru(lll); [28]
metal-based complex; Carrier: y-cyclodextrin (y-CD) | urea, RuC-CD- Photodynamic therapy: ROS production
MOFs MOF-|
Zr-MOFs Bonds: terephthalic acid (UiO-66), UiO-66, PCN- Theranostics: drug carrying and imaging (MRI/ [29, 30]
porphyrin (PCN-222) 222 PET)
Ce-MOFs Biomimetic modification: stem cell Ce-UiO-66 Antioxidant: Ce**/Ce** mimics SOD/CAT [31, 32]
membrane coating enzyme activity
Hybrid MOFs MOF/MXene In situ growth: MXenes (Ti3C,Ty) as base | ZIF-8/Ti;C, Photothermal-drug synergy: photothermal- [33]
composites triggered drug release
Mof-bio scaffold | Composition: hydrogel, electrospun fiber | MOF-collagen Bone regeneration: release of osteogenic [22]
scaffolds factors (eg, BMP-2)

complexes. These materials exhibit antioxidant properties and can be utilized in drug delivery applications. The
coordination between metal ions and polyphenols can enhance the stability and solubility of therapeutic agents, rendering
them suitable for various biomedical applications, including cancer therapy. The ability of these materials to respond to
environmental changes, such as pH, further augments their potential as targeted drug delivery systems.>”

However, classifying MOFs by metal source into endogenous versus exogenous is misleading, because the biological
relevance of metal ions depends not on their “endogenous” label but on local concentration, coordination environment, and
release kinetics. For example, while copper is an essential trace element, Cu-based MOF's can induce profound cytotoxicity
at concentrations far below those of “exogenous” zirconium-based MOFs, depending on ligand design and degradation
rate.”>** The endogenous/exogenous binary is therefore a poor predictor of biocompatibility or therapeutic efficacy. A more
meaningful axis is metal-ligand bond lability: MOFs with labile coordination bonds (eg, Cu-carboxylate) tend to release
ions rapidly, favoring acute antimicrobial or antitumor effects but risking systemic toxicity.?

Stimulus-responsive design is often treated as a checklist rather than a trade-off analysis. Numerous studies
demonstrate that MOFs can be engineered to respond to pH, temperature, glutathione, or enzymes.”®*® However, the
literature rarely compares the clinical practicality of different triggers.

There is also a neglect of non-MOF alternatives in comparative evaluation. A MOF is rarely the only platform for
a given application. Consider drug delivery: mesoporous silica nanoparticles offer comparable pore structures and surface
functionalization with well-established safety profiles; polymer nanoparticles (PLGA, PEG-PLGA) provide simpler
regulatory paths and decades of clinical data; liposomes achieve higher drug loading for hydrophobic agents. Where,
then, do MOFs offer unique advantages? Three candidate domains emerge from critical reading: (i) multi-metal
synergistic therapy, which the ability to incorporate two or more metal ions (eg, Fe’*/Cu”") into the same framework
to achieve combined ferroptosis/chemodynamic therapy;*° (ii) catalytic activity beyond drug delivery, MOFs as enzyme-
mimicking nanozymes (eg, Ce-UiO-66 with phosphatase-like activity);>’ (iii) cargo protection in harsh biological
environments, the crystalline framework can shield labile biologics from proteases or low pH better than amorphous
polymers.*® Conversely, MOFs are less advantageous when simple sustained release is needed or when metal toxicity is

a primary concern.
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Metal-Based Nanoparticles
Calcium Carbonate (CaCOs) Nanocarriers

In a CO, atmosphere, Ca®" and CO5>" react to form nano-sized CaCOs while simultaneously enabling hydrophobic drug
loading. In the acidic tumor microenvironment (pH 6.5-6.8), CaCO5 decomposes into Ca>" and CO,, releasing the
loaded drug (eg, aminoglycosides, shenazone). Excess Ca>" enters tumor cells, causing mitochondrial damage and a ROS
burst, thereby inducing apoptosis. Degradation of CaCOs also provides Ca?’ for bone formation, promoting bone
regeneration. CaCOj; nanocarriers offer significant advantages in biomedical applications, including good biocompat-
ibility, pH-responsive degradation, and low cost; however, key limitations remain in their construction. CaCO; readily
transitions from metastable vaterite to stable calcite in solution, leading to pore structure collapse and reduced drug-
loading capacity. To enhance stability, CaCO3; microspheres can be coated with sodium polystyrene sulfonate (PSS) to
stabilize the vaterite phase, delay phase transition, and improve drug-loading stability.>® Additionally, CaCO5 micro-
spheres often suffer from insufficient loading efficiency and targeting, particularly for hygroscopic drugs, and lack active
targeting. Biomimetic modification and composite carrier design can address these issues. For instance, coating CaCOj
nanoparticles with tumor cell membranes enables homologous targeting and immune evasion.*® While porous CaCO;
microspheres serve as drug reservoir systems, conventional preparation methods struggle to precisely control drug
loading and release kinetics, especially for macromolecular drugs such as proteins and nucleic acids, due to the absence
of specific binding sites on CaCO; surfaces, resulting in low loading efficiency.

Naked CaCOj; nanoparticles lack inherent targeting capability, leading to poor accumulation at lesion sites and
increased off-target toxicity. Surface modification of CaCO; with proteins (eg, human serum albumin, HSA) or specific
peptides can enhance stability and introduce targeting functions. Nanocomposite technology combining CaCO; with
other materials creates hybrid systems with synergistic stabilization effects. For example, manganese-doped CaCO;
nanoparticles (Mn-doped CaCO5 NPs) exhibit enhanced stability and magnetic responsiveness.*' pH-triggered release is
the most prominent controlled-release mechanism for CaCO; carriers, dissolving rapidly in acidic environments (pH <
6.5) to release loaded drugs and Ca”" ions. Additionally, pH-responsive Fe*" delivery nanocarriers coated with CaCOs
nanoparticles enable intracellular Fe*" delivery to enhance tumor chemotherapy.** Here, a pertinent question arises: for
a given therapeutic window (eg, 4-6 h of drug release in a tumor), does a simple pH-responsive CaCOj; system with
optimized particle size perform as well as a multi-enzyme cascade system?

Furthermore, wrapping CaCO; nanoparticles with tumor cell membranes achieves homologous targeting and immune
evasion. Cell membrane coating offers multi-antigen targeting and prolonged circulation, but it is technically complex,
batch-dependent, and raises regulatory hurdles regarding source characterization and immunogenicity.* Moreover, the
“homologous targeting” claimed for cancer cell membranes has been challenged by recent studies demonstrating that the
preferential uptake in homologous cells arises largely from qualitative variations in the protein corona, not from inherent
membrane specificity.**

Enzyme-responsive release adds another dimension of controlled release to CaCOj carriers. Newly designed CaCO;
composite carriers incorporate enzyme-sensitive linkers or coatings triggered by specific enzymes. For instance, a CaCO;
system containing glucose oxidase (GOD) and tirapazamine (TPZ) achieves a unique starvation-hypoxia activated
synergistic therapy, enabling efficient, low-toxicity targeted therapy based on tumor microenvironment characteristics.
As a non-inhibitor involvement strategy, calcium-based nanocatalysts (G/A@CaCO3-PEG) exert synergistic antineoplas-
tic effects via low-temperature photothermal therapy.*> Moreover, the in vivo targeting ability of CaCOs nanocarriers
directly affects therapeutic efficacy and side effects. Lack of effective targeting leads to nanocarrier accumulation in non-
target tissues, reducing therapeutic effects and increasing systemic toxicity. Modifying CaCO5; nanocarrier surfaces with
specific ligands that recognize and bind to overexpressed receptors on pathological cells can significantly improve
enrichment at target sites. Both ligand-receptor-mediated and antibody-mediated targeting enhance CaCOj3 nanocarrier
accumulation in pathological areas. Our study demonstrated that the combination of calcium carbonate (CaCOs3), which
adsorbs iron ions, and selenium-peptide nanoparticles incorporated into collagen scaffolds effectively suppressed gastric
cancer by inducing ferroptosis and promoting apoptosis.*® Thus, by integrating chemotherapy, photodynamic/
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photothermal/acoustic therapy, and immunotherapy into a single multimetallic platform, this convergent strategy attacks
diseases through multiple mechanisms, thereby addressing drug resistance and minimizing the risk of recurrence.

However, the distinct value proposition of CaCOj is twofold: (i) therapeutic ion release, as Ca”" itself contributes to
mitochondrial damage and bone regeneration, which is not true for polymers or silica;® (ii) like CO, generation, gas
production may enhance drug penetration in dense tumor stroma, an underexplored but potentially unique advantage.*’
The limitations are equally clear: poor phase stability, lack of active targeting, and difficulty in loading macromolecular
drugs due to the absence of specific binding sites.

Golden Nanoparticles

Gold nanoparticles (AuNPs) exhibit size- and shape-dependent optical properties due to surface plasmon resonance
(SPR), making them attractive for photothermal therapy (PTT), radiotherapy sensitization, drug delivery, and
immunotherapy.*® Gold star nanoparticles (AuSNs) serve as adjuvants to enhance the immune effect of virus-like
particles, offering safety, facile production, and favorable immune properties.** Consequently, it remains unknown
whether the reported “adjuvant effect” of AuSNs is a shape effect or an artifact of different purification protocols.
Gold nanorods (AuNRs) act as pro-angiogenic, anti-inflammatory, photothermal therapeutic, and antibacterial agents for
synchronized delivery to full-thickness wounds in vivo.>® Examples include AuNRs@TF,51 Bi;MoOg/MoS,/AuNRs
(BMO-MSA),>* hollow CuS@gold nanorods/polydopamine (HCuS@AuNRs/PDA) nanohybrids,”® AuNRs@MnO,
@SiO, nanoparticles,® and hierarchical-structured AuNRs@MnO,@SiO, (AMS) nanocarrier.”> Thus, AuNPs and
AuNRs, with their surface plasmon resonance (SPR) effect, high photothermal conversion efficiency, ease of functiona-
lization, and strong X-ray absorption capacity, are employed in photothermal therapy (PTT), radiotherapy sensitization,
drug delivery, and immunotherapy. Crucially, none of these studies directly compared the multi-layered or hybrid systems
against PEGylated AuNRs alone or a simple physical mixture of components, leaving the incremental therapeutic benefit
of added architectural complexity unproven. However, it remains unclear whether different geometries confer genuine
biological advantages or merely reflect differences in synthesis protocols and characterization methods.

Silver Nanoparticles

Silver nanoparticles (AgNPs) with broad-spectrum antimicrobial properties are increasingly studied for combating
multidrug-resistant bacteria.”®>’ AgNPs act as sources of released silver ions, enhancing the efficacy of common
antibiotics.”® AgNPs synthesized using plant extracts, wherein different plant-derived phytochemical coatings confer
distinct biological advantages, and merely reflect differences in synthesis conditions and nanoparticle physicochemical
properties. Examples include colloidal AgNP solutions produced from aqueous extracts of Picea abies and Pinus nigra
bark,”® AgNPs using Withania coagulans leaf extracts,”® Ag-Cu bimetallic nanoparticles using Peganum harmala leaf
extract,®’ AgNPs using bee bread extracts®” and bioactive Ag/Cu NCs using Sargassum latifolium extract.®® Notably, the
plant extract itself introduces additional variability: the composition of bioactive phytochemicals varies with plant
species, growth conditions, extraction protocols, and seasonal factors, leading to batch-to-batch inconsistencies in
nanoparticle size, shape, and surface chemistry that are seldom quantified. Thus, through silver ion (Ag") release,
ROS production, and disruption of microbial membrane structure, AgNPs are used for antibacterial treatment, wound
dressings, and combating biofilms.

Iron Oxide Nanoparticles

Magnetic iron oxide nanoparticles (FexO, NPs, primarily Fe;O,4 and y-Fe,O3) are prominent nanomaterials due to their
potential in magnetic separation, hyperthermia, targeted drug delivery, and catalysis.** Owing to their unique magnetic
properties, good biocompatibility, excellent superparamagnetism, and reliable traceability,’® iron oxide nanoparticles are
used for brain imaging and drug delivery,°®®” bone remodeling,*® tumor therapy,®® atherosclerosis,”® diagnostic,”'
immune cell labeling and cancer immunotherapy,’? antibiofilm,”® and chronic inflammatory diseases.”* Environmental
sources of magnetic FexO, NPs are complex, and they are regarded as significant risk factors for human health.”> Upon
entering and penetrating deeply in vivo, these NPs persistently create interfaces for chemical reactions, generating
reactive oxygen species (ROS) and causing chronic toxic effects.”® Iron oxide nanoparticles conjugated to anticancer
drugs, targeting agents, or genetic vectors, or used in combination with bioactive molecules, represent promising systems
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for assisting osteosarcoma therapy.’”” Due to their unique physicochemical properties and sizes, iron oxide nanoparticles
(IONPs) possess magnetic resonance (MR) T1/T2 imaging capabilities.”® Research on IONPs to improve chemother-
apeutic efficacy has been highlighted in brain tumors,”’ ovarian cancer,®® osteosarcoma treatment,”’ endometrial

? and bone tissue engineering.** For instance, Fe;0,@Glu-EA nanoparticles

cancer, breast cancer,® gastric cancer,”
show considerable toxicity against gastric cancer cells and serve as an efficient platform for ellagic acid (EA) delivery,
promising improved gastric cancer chemotherapy outcomes.®> Therefore, iron oxide nanoparticles, with their super-
paramagnetism, catalytic Fenton/Fenton-like reactions,®® ROS generation,®” and magnetic targeting,*® are applied in
magnetic hyperthermia therapy (MHT),*” chemodynamic therapy (CDT),”® and as MRI contrast agents.

However, this enumeration of IONP-based applications, spanning imaging, drug delivery, hyperthermia, and tissue
engineering, conceals several critical unresolved issues that a truly critical review must address. First, despite decades of
research and initial FDA approval of ferumoxytol for anemia treatment, the clinical translation of SPIONs for imaging
and therapeutic applications has been unexpectedly slow. As a recent clinical landscape review noted, SPIONs were
initially approved as liver imaging agents nearly three decades ago, yet their broader adoption as universal nanodiag-
nostic and theranostic agents remains constrained by intrinsic physicochemical properties and in vivo behaviors.”'
Second, the field has yet to resolve a fundamental tension regarding the source of therapeutic efficacy: is it the
nanoparticles themselves or the iron ions they release? Third, the immunomodulatory roles of IONPs, ranging from
M1 macrophage polarization to ferroptosis induction and STING pathway activation, remain mechanistically
ambiguous.®” Finally, the long-term fate and toxicity of IONPs remain inadequately characterized. Although IONPs
are often regarded as biodegradable because iron is an essential element, prolonged nanoparticle accumulation in the
liver, spleen, and other organs may induce cell stress and toxicity, often mediated through oxidative stress and

inflammation.”

Copper Based Nanoparticles
Among nanomaterials, copper and copper oxide nanoparticles stand out as promising candidates for numerous medical
applications. However, achieving controlled release of therapeutic agents from copper nanoparticles remains a complex
challenge that requires meticulous engineering and precise design. Examples include copper-based composite
nanoparticles,”®  ultra-small  copper-based  multienzyme-like  nanoparticles,””  self-assembled  copper-based
nanoparticles,”® tragacanth gum-based copper oxide nanoparticles,”’ spark discharge aerosol-generated copper-based
nanoparticles,”® all of which aim to address current challenges such as biocompatibility and controlled release.
Copper-based nanoparticles (eg, copper oxide, copper sulfide, copper ions, copper alloys) are incorporated into
biopolymer-based films; their effectiveness depends on filler concentration, dispersion state, and nanoparticle-biopolymer
matrix interaction.”” They are also used to tackle drug-resistant bacteria and highly infectious viruses.'®® Additionally,
copper and copper oxide nanoparticles (CuNPs) possess unique physicochemical properties that render them highly

promising for biomedical applications such as diagnosis, therapy, and theranostics;'®' cancer imaging and therapy;'®?

103 104 105

control of hepatitis A virus vaccines; burn injuries; treatment of hepatocellular carcinoma; tumor

immunotherapy;'®® pancreatic cancer treatment;'®” breast cancer immunotherapy;'®® and lung cancer.'®”

However, the mechanistic foundation of cuproptosis, while elegantly described, has yet to be rigorously established in
nanomedicine contexts. The precise relationship between nanoparticle physicochemical properties (size, surface charge,
coating, dissolution kinetics) and the induction efficiency of cuproptosis remains largely uncharted. Moreover, the
interplay between cuproptosis and other cell death pathways (eg, apoptosis, ferroptosis) is rarely quantified, leaving
combination therapy design without rational guidance.“o Furthermore, the path to clinical translation remains obstructed
by persistent challenges in biocompatibility and controlled release. As noted in multiple contemporary analyses, copper-
based nanomaterials face formidable hurdles before clinical adoption: biocompatibility remains a significant concern, and
achieving controlled release of therapeutic agents from copper nanoparticles poses a complex challenge that demands
meticulous engineering and precise design.'"!

Thus, copper nanoparticles are used in chemodynamic therapy (CDT), photothermal therapy (PTT), and anti-
angiogenesis by catalyzing Fenton/Fenton-like reactions, exhibiting photothermal effects, and inducing cuproptosis.®’

A fundamental ambiguity persists: is the therapeutic effect attributable to the copper nanoparticles themselves or to the
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copper ions they release? The mechanism of cuproptosis is driven by the controlled or excessive release of copper ions
from the material. Upon entering cells, these ions bind directly to enzymes in the mitochondrial tricarboxylic acid cycle,
leading to abnormal aggregation and functional impairment of the enzymes, which disrupts cellular energy metabolism.
Concurrently, copper ions promote excessive generation of reactive oxygen species, inducing oxidative stress. This dual
action ultimately triggers a unique form of programmed cell death that is dependent on mitochondrial respiration and
protein lipoylation.

Zinc Based Nanoparticles

Zinc oxide nanoparticles (ZnO NPs) have attracted significant attention due to their potent antimicrobial properties.
Plant-based biosynthesis of ZnO NPs offers a cost-effective and sustainable alternative to chemical and physical
methods.''? Synthesis methods include using glucose and sucrose (constituting over 70% of dried extract);''® Cassia
fistula and Melia azadarach leaf extracts;''* Thryallis glauca leaf extract;''> Butea monosperma flowers and Glycyrrhiza

glabra roots;''® 17

118

Momordica charantia and Curcuma zedoaria plant extracts; ' and Mallotus philippinensis leaf
extract.

Interestingly, some researchers have pointed out that the toxic effects of ZnO NPs are caused by Zn*" release;''” yet
another in vivo study found that ZnO NPs are significantly more effective than ionic zinc in reducing hyperglycemia.'*
One possibility is that the insulin-mimetic activity of ZnO NPs is not solely determined by the free Zn>* concentration.
For instance, ZnO NPs synthesized with plant extracts may have surface-attached phytocompounds (such as catechin
derivatives and polyphenols) that synergistically enhance hypoglycemic activity through other mechanisms (eg, DPP-4
enzyme inhibition), rather than merely affecting Zn>" release. Existing studies indicate that ZnO NPs may be more
effective than conventional zinc salts in ameliorating diabetes, but this advantage is accompanied by a significant risk of
oxidative stress. In a 56-day rat study comparing ZnO NPs (1, 3, 10 mg/kg) with zinc sulfate (ZnSO,, 30 mg/kg), ZnO
NPs exhibited stronger antidiabetic activity, as reflected by better glucose metabolism, higher insulin levels, and
improved zinc status.'?! In the same study, ZnO NPs induced severe oxidative stress, particularly at higher doses,
manifested by altered antioxidant enzyme activities, elevated lipid peroxidation levels, and a marked decrease in total
antioxidant capacity. This suggests that ZnO NPs may represent a double-edged sword: greater efficacy but also greater
toxicity. However, the therapeutic window between their superior efficacy and increased toxicity risk has not been
systematically defined. Currently, risk—benefit assessment data necessary for clinical translation are lacking.

Therefore, zinc nanoparticles, through zinc ion (Zn®") release, ROS production, insulin activity simulation, and

enzyme inhibition, are used for antibacterial treatment, diabetes management (insulin mimicry), and wound healing.

Platinum Nanoparticles

Platinum nanoparticles (PtNPs) show significant promise in cancer therapy by enhancing the effects of platinum-based

chemotherapies such as cisplatin,'** applications include tumor photothermal therapy,'*® neuroblastoma treatment,'**
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ovarian cancer immunotherapy, chemo-photodynamic bladder cancer therapy =° and self-reinforcing hypoxic

oncotherapy.'?” Other applications involve adjuvant therapy in silicosis management,'*® anti-infective therapy,'?® acne
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vulgaris treatment,'*° and virus detection.'*!’ PtNPs exhibit various enzyme-mimetic activities (eg, peroxidase (POD),

catalase (CAT)), high catalytic efficiency, and enhanced ROS generation, making them suitable for catalytic therapy,
sonodynamic therapy (SDT), and antioxidant scavenging.

PtNPs can be prepared via various methods: chemical reduction,'*? electrochemical processes,133 plasma methods,"**

135

microemulsion methods, ~° template methods (using soft structures such as micelles or vesicles from surfactants, block

copolymers, or biomolecules to guide nucleation and growth),'*®

and biological synthesis (using plant extracts, micro-
organisms, or biomolecules to reduce platinum ions and stabilize nanoparticles).'*>” However, the synthesis reproduci-
bility and scalability of PtNPs present a critical, often overlooked challenge.

Despite decades of research and the well-established clinical use of platinum-based small-molecule drugs, the clinical
translation of PtNPs has been unexpectedly slow and fraught with fundamental challenges. A recent systematic review of
108 studies on PtNP toxicological effects revealed a stark reality: while PtNPs generally show good biocompatibility

in vitro, significant toxicity, highly dependent on size, concentration/dose, coating, and biological system, has been
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consistently reported. Most critically, no data from human epidemiological studies have been published so far. In
addition, a fundamental ambiguity persists regarding whether the anticancer activity of PtNPs represents a true nano-
specific effect or merely a sustained-release mechanism for ionic platinum species. A comparative study on ultrasmall 2
nm PtNPs versus core-shell 30 nm Au@PtNPs against hepatocellular carcinoma revealed that both nanoparticle types
induced selective cytotoxicity in cells with high oxidative status while remaining inactive in cells with lower oxidative
status. '

Thus, constructing PtNPs involves fine-tuning processes in which size, morphology, structure, and dispersion depend
strongly on the selected materials based on the precursors, reducing agents, stabilizers, templates, carriers and preparation
methods.

Titanium Based Nanoparticles

Titanium-based nanoparticles are nanoscale materials with titanium as the core element, typically ranging from 1 to 100
nanometers, and include titanium metal, titanium dioxide (TiO,), or other titanates. To meet specific requirements, they
can be enhanced by doping with other metal elements (eg, silver, iron) or by surface modifications (eg, PEG, antibodies).

Titanium-based nanoparticles are notable for their unique properties: photocatalytic activity,">* high biocompatibility,'*’

41 and designable morphology and structure.'**'** These properties render them useful in

surface and interfacial effects,
photodynamic therapy,'** drug delivery,'** biological imaging'“® and antimicrobial materials."*” Here, TiO, nanoparti-
cles can be enhanced by doping with other metal elements or surface modifications. However, do these modifications
reduce TiO,’s intrinsic toxicity, or do they simply introduce new safety concerns? PEGylation, for instance, has been
widely adopted for prolonging circulation and reducing opsonization.'*® Nevertheless, a growing body of evidence has
identified significant drawbacks of PEGylation, including steric hindrance, diminished cellular uptake, and immunogeni-
city (anti-PEG antibodies, accelerated blood clearance).'*’

While TiO, is often positioned as biocompatible and less toxic than other nanomaterials (ie, copper oxide, zinc oxide,
and manganese oxide), this characterization obscures a more nuanced and less reassuring reality. Although TiO,
nanoparticles (TiO,-NPs) were once considered inert, a large number of in vitro studies have confirmed their cytotoxicity
and genotoxicity, with mechanisms primarily involving the generation of reactive oxygen species (ROS) and the
activation of inflammatory and cell death signaling pathways. The International Agency for Research on Cancer
(IARC) has classified TiO, as a Group 2B carcinogen when inhaled. However, TiO, also exhibits fundamental limitations
in certain therapeutic strategies. The photocatalytic activity that makes TiO, attractive for photodynamic therapy also
imposes a fundamental practical limitation: its dependence on UV light. Pristine TiO, has a wide bandgap of approxi-
mately 3.2 eV, meaning it can only be activated by ultraviolet (UV) light, a wavelength range with limited tissue
penetration depth and known phototoxic effects on healthy tissue.'*’

There is a significant gap between animal experiments and human clinical settings. For instance, when used for drug
delivery, nanomaterials rapidly adsorb proteins in the bloodstream to form a protein corona, which completely alters their
surface properties and biological identity. As a result, their targeting ability and in vivo distribution behavior deviate
substantially from the intended design. This explains why many targeting strategies that perform excellently in simple

models often suffer a sharp decline in therapeutic efficacy in complex in vivo environments.

Mixed Matrix Membranes (MMMs)

Mixed matrix membranes (MMMSs) incorporate fillers such as metal-organic frameworks (MOFs) and covalent-organic
frameworks (COFs) into polymers to enhance gas separation performance. Molecular simulations of gas adsorption and
diffusion in MOFs and COFs, combined with theoretical permeation models, allow calculation of H,, N,, CHy4, and CO,
permeabilities for nearly one million MOF/COF/polymer MMM combinations.'>' These membranes can be engineered
for improved gas separation, water purification, or drug delivery systems.'>* In biomedicine, MMM s facilitate controlled
drug release while providing mechanical stability and biocompatibility. Incorporating metal ions can further enhance
their antimicrobial properties, making them suitable for various healthcare applications.** MMMs combine the advan-
tages of inorganic fillers (eg, MOFs, zeolites, two-dimensional materials) dispersed within a polymer matrix, showing
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significant potential in gas separation and water treatment. However, MMM research faces multiple limitations in
materials, methodologies, and practical implementation.

Inorganic fillers and polymer matrices possess vastly different physical and chemical properties, leading to interfacial
defects that reduce separation performance. For instance, MOFs often disperse poorly in organic solvents and tend to
agglomerate, affecting film uniformity.'>* MOF-based membranes face issues such as framework flexibility, defects, and
grain orientation. MMMs encounter bottlenecks including MOF aggregation, polymer matrix plasticization and aging,
and poor interfacial compatibility.'>* Preparing high-quality MMMs remains challenging due to insufficient interfacial
interaction. Strategies such as coating modification and priming techniques, for example, incorporating ionic liquid (IL)-
modified UiO-66-NH, filler into microporous organic polymers (PIM-1), can produce dense, defect-free MMMs, thereby
improving interfacial compatibility and stability.'>> Developing defect-free MMM s is challenging due to poor MOF-
polymer matrix compatibility; surface-modification strategies using polymers with intrinsic microporosity grafted onto
Ui0-66-NH, within Pebax-supported MMM:s show promising separation performance.'*® To address fatal MMM defects
such as non-selective pores arising from poor phase compatibility, amidoxime-modified UiO-66@PIM-1 MMMs

enhance CO, separation and anti-aging performance.'>’

Protein-Inspired Metal Polymers

Protein-inspired metal polymers are innovative functional materials formed by combining proteins or protein analogs
with metal elements via coordination bonds, covalent bonds, or non-covalent interactions. These materials integrate the
structural precision and functional diversity of biological macromolecules with the catalytic, optical, and magnetic
properties of metal ions or nanoclusters, demonstrating broad application potential in biomedical engineering, catalysis,
sensing, and flexible electronics. Traditional metalloprotein preparation often relies on complex biosynthetic pathways,
which are costly and difficult to scale up. Furthermore, high concentrations of heavy metal ions can cause uncontrollable
protein denaturation, limiting practical applications.'”® Researchers have therefore developed biomimetic strategies:
engineering natural proteins via genetic or chemical modification for controlled metal ion binding, and designing
polymers with protein-like structures that mimic key metalloprotein characteristics. Composites of metal nanoclusters
and proteins retain the characteristics of each component and may exhibit synergistic effects, showing unique advantages
in bioimaging, catalysis, and sensing.'*’

New strategies involve mediating secondary structure transitions in polyamino acids using metal ions.'®® From the
perspective of artificial metal-peptide assemblies (MPAs), adaptive materials with protein-like nanocavities can be
created through metal coordination and non-covalent interactions.'®! Using clinically available deferoxamine (DFO) as
an exogenous ligand template to modify polyamino acid side chains enables controlled secondary conformation transition
from a-helix to B-sheet by adjusting ligand amount and chelating metal ions. Divalent tin ions (Sn*") effectively reduce
disulfide bonds in proteins, forming tin-sulfur bonds (-C-S-Sn-S-C-), which promotes rapid, controllable protein
assembly applicable to the preparation of protein amyloid aggregates in metal composites.'®> Two primary strategies
are used to construct metal nanoparticle-conjugated protein systems: direct synthesis and post-modification. Direct
synthesis involves in situ formation of metal nanoparticles within protein templates by reducing metal precursors

using reductants or the proteins’ own redox groups.'*’

Material Design and Functional Innovation
Multi-Metal Synergistic Systems

Integrating multi-metal synergistic systems shows significant promise in enhancing the biological functions of biomater-
ials. Examples include: antimicrobial and osteogenesis-promoting synergistic systems (Cu-Zn,'*> Cu-Mg'®*), immune
regulation and anti-tumor synergistic systems (Mn-Cu,'®® Mn-Zn,'®® Ca-Cu'®"), angiogenesis-promoting and osteogen-
esis-promoting synergistic systems (Cu-Si,'®® Cu-Sr,'®” Cu-Mg'"), and integrated diagnosis and treatment systems (Mn-
Gd,"” Fe-Gd,'"”" Cu-Fe.'”) Or instance, synergistic effects between Fe’" and Cu”?" have been extensively studied for
their roles in promoting angiogenesis and osteogenesis, which are vital for bone regeneration.'”® These metal ions can
influence exosome secretion from mesenchymal stem cells (MSCs) and macrophages, thereby modulating inflammation
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and promoting tissue healing. The application of Mg®" and Sr*" in bone repair illustrates another facet; these ions
enhance osteogenic differentiation and improve the mechanical properties of biomaterials, making them suitable for
orthopedic and dental applications.'”* Designing such systems requires careful consideration of optimal concentrations
and interactions to achieve desired therapeutic outcomes while minimizing potential cytotoxicity.

Achieving the fine balance between release rates is critical, as overly rapid release can lead to toxicity while
excessively slow release may compromise efficacy, posing a significant challenge in materials science. The Jahn-Teller
effect of Cu®" effectively modulates and optimizes the electronic structure and spin state of Fe®". Under Cu®" regulation,
NiFe-LDHs transform from ferrimagnetic to ferromagnetic, and CuNiFe-LDHs exhibit significantly enhanced oxygen
evolution reaction (OER) performance under magnetic fields compared to NiFe-LDHs.'”> While Mg”?* and Sr** are well
known for promoting osteogenesis and modulating immune responses in bone repair, their interplay with other metal ions
within the complex in vivo microenvironment poses significant challenges. Unpredictable inter-ion reactions, such as
precipitation and redox processes, can alter the intended therapeutic efficacy. Moreover, the systemic and long-term
biosafety of these multi-metal interactions, including their potential for cumulative toxicity and sensitization, remains
largely elusive.

Dynamic Responsive Materials
Dynamic responsive materials represent a significant advancement, enabling controlled release triggered by external
stimuli such as light, pH, or enzymes. For example, light-controlled release mechanisms using hydrogels responsive to
specific wavelengths allow precise drug delivery in targeted therapies.'’® Enzyme-responsive materials release thera-
peutic agents in response to pathological enzymatic activities, such as those observed in cancer.'”’ Designing these
materials often involves incorporating dynamic bonds that enable reversible structural changes, thereby enhancing real-
time functionality, improving therapeutic efficacy, and reducing side effects associated with conventional drug delivery.

Traditional delivery systems often lack dynamic responsiveness to the inflammatory microenvironment and struggle
to match temporal changes in inflammation. For instance, the immune response after spinal cord injury is time-
dependent, yet traditional systems find precise, synchronized intervention challenging. Activating the TRPM7 channel
in dendritic cells (DCs) induces the HIF-1a-TGF-f axis, suppressing effector T cell activation while promoting
regulatory T cell (Treg) formation, thereby alleviating adaptive immune inflammation. In chitosan-hyaluronic acid-
magnesium (CSHA-Mg) gel, sustained Mg*" release reduces pro-inflammatory macrophages (M1) and fosters an anti-
inflammatory microenvironment.'”® However, targeting deficiencies lead to drug accumulation in non-target tissues,
increasing the risk of side effects. Biomimetic self-assembled nanoparticles with lipopolysaccharide-free EC-K1 outer
membranes prolong circulation time, improve distribution in the intracranial microenvironment, and exhibit high
biocompatibility.'”® Self-contained injectable hydrogels that store Mg®" while carrying nucleus pulposus (NP) cells
aim to inhibit intervertebral disc degeneration (IVDD) through immunoregulation.'”®

Metal ion-based dynamic responsive materials show great potential in smart materials such as shape memory
polymers, MOFs, and ionic dynamic cross-linked networks, but they face key limitations. Many require specific
triggering conditions such as temperature, pH, light, redox environment, which limits their application in complex
settings. Thermo-responsive shape memory polymers (SMPs) need precise temperature control, while photo-responsive
MOFs require specific light wavelengths.'®® Near-infrared (NIR)-responsive gold nanorods promote thermo-responsive
targeted delivery of the heme oxygenase 1 (HO-1) gene, overcoming the challenge of non-specific gene expression in
healthy tissues.'®' Most materials rely on single stimuli such as pH or ROS, struggling to adapt to dynamic multiple
signals (cytokine gradients, mechanical changes) in inflammatory microenvironments.'®* Redox state changes of certain
metal ions (Cu>/Cu”, Fe’"/Fe*") can affect material dynamics but may cause irreversible structural damage. However,
some coordination systems are highly reversible and stable For example, the stiffness of metal-terpyridine crosslinked
hydrogels can be switched via redox reactions,'® and the Zn®'-induced densified network has exhibited excellent
oxidative stability and ultrafast self-healing behavior.'*

Most studies report in vitro release kinetics in idealized buffer solutions, which bear little resemblance to the
dynamic, heterogeneous, and mechanically active inflammatory microenvironment. Parameters such as cytokine gradi-
ents, intermittent mechanical loading, fluctuating oxygen tension, and protein corona formation are rarely incorporated
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into the design or evaluation pipeline. Consequently, the claimed real-time functionality and reduced side effects often
fail to materialize in preclinical animal models, and rarely discussed in the primary literature. Studies on the organ
distribution and excretion of inhaled Ag, Au, CuO, and ZnO NPs have provided critical data on the long-term fate of
metal-based nanomaterials. Hadrup et al reported that silver was retained in the lung for >2,000 hours and remained
detectable in the liver and spleen 2,000 hours post-exposure, while gold persisted in multiple organs for >600 hours'®
These findings underscore the need for systematic evaluation of the long-term stability and fate of metal ion-mediated
dynamic systems. For MOFs, the systemic toxicity of degradation products depends on multiple factors, including
degradation kinetics, biodistribution, tissue accumulation, and excretion. '8¢

Notably, a fundamental ambiguity remains: does dynamic responsiveness truly offer any genuine advantage over
a well-designed sustained-release system? Taking the CSHA-Mg gel, sustained Mg”" release is presented as a feature.
Yet a simple, non-responsive Mg*"-eluting polymer might achieve comparable immunomodulation with far less design
complexity.'87-188

Metal ions themselves possess unique physicochemical properties that enable them to serve as contrast agents for
imaging modalities such as magnetic resonance imaging (MRI), positron emission tomography (PET), photoacoustic
(PA) imaging, or computed tomography (CT). By integrating diagnostic and therapeutic functions, real-time monitoring
of patient diseases and individualized adjustment of treatment dosages can be achieved. Individualized therapy places
extremely high demands on the scalable manufacturing and quality control of metal-based biomaterials. Therefore,
integrating multiple triggers (eg, photothermal, enzyme-responsive) is being explored to achieve deep coupling between

multi-modal responsive material design and pathological mechanisms.

Biomimetic Structural Design

Biomimetic structural design draws inspiration from natural systems to create materials that replicate complex biological
functionalities. For instance, ferritin nanocages are promising for drug delivery due to their inherent stability, biocompat-
ibility, and ability to encapsulate therapeutic agents.'”’ These nanocages can be engineered for enhanced targeting,
enabling specific delivery to tumor sites via receptor-mediated endocytosis. Incorporating nacre-like structures improves
the mechanical properties of composite materials, making them suitable for load-bearing bone repair applications.'®’
Integrating such designs enhances material performance and opens new avenues for advanced therapeutic systems that
mimic natural biological functions.

Metal ions (eg, Fe*", Cu®", Zn*") form dynamic crosslinking networks with polymer chain coordination groups (eg,
carboxyl, oxime, amino), endowing materials with self-healing capabilities, adjustable mechanical properties, and
stimulus responsiveness. Using biomolecules (proteins, polysaccharides) as templates guides the biomimetic mineraliza-
tion of MOFs or inorganic materials, forming biocompatible nanostructures. Zinc-based MOF mineralization regulated

190 Modifying

by bovine serum albumin (BSA) forms uniform, stable nanocarriers for targeted tumor drug delivery.
porous materials (COFs, MOFs) with metal ion-responsive molecules (crown ethers, carboxyl groups) enables con-
trollable ion transport switching, simulating cell membrane ion channels.'®! Reconstructing the ionic solvation sheath
using metal ion-solvent molecule coordination reduces side reactions and optimizes electrochemical performance.
Biomimetic interface layers constructed on metal surfaces mimic the selective transport and protection mechanisms of
biofilms. Bimetallic or polymetallic ion synergy (Fe/Cu, Zn/Mg) enhances the catalytic, mechanical, or therapeutic
properties of materials. Metal imbalance can trigger synergistic cuproptosis and ferroptosis, offering innovative cancer
treatment solutions. Thus, metal ion-mediated biomimetic materials, through combined approaches, are expected to find

wider applications in tissue engineering.

Green Synthesis Methods

Green synthesis, particularly microbial production, is advancing biomaterial manufacturing for regenerative medicine.
This approach offers sustainable, cost-effective routes to complex biomolecules under mild conditions, thereby reducing
the environmental impact of traditional methods. Microbial systems enable precise DNA-template assembly, ensuring
high reproducibility for tissue scaffolding and drug delivery.'®® Incorporating therapeutic metal ions (eg, Zn, Mg, Sr)
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further enhances material properties, promoting osteogenesis and angiogenesis.'”> Through tailored scaffold design that
controls ion release, this strategy improves biological efficacy while adhering to green chemistry principles.

3D Printing and Personalization

Integrating 3D printing technology into personalized medical device manufacturing represents a significant advancement
in regenerative medicine, enabling the production of customized bone scaffolds that precisely match patient anatomical
requirements. For example, an electron/ion-flux dual-gradient 3D porous Zn anode achieves a hierarchical porous
structure and continuous conducting network via 3D printing.'"”* Combining facile metal-coordination self-assembly
with 3D printing enables the engineering of bioactive scaffolds for osteosarcoma-related bone defects, minimizing
microstructural heterogeneity.'”> Proof-of-concept micro-extrusion-based 3D coaxial printing technology addresses
challenges such as low exposed adsorption sites and slow ion diffusion rates in heavy metal removal.'’® Direct ink
writing using polymer precursor inks based on metal-polymer coordination effects opens pathways toward 3D-printed
optoelectronic devices derived from functional oxides.'”” 3D metal/alloy nanoarchitectures, leveraging metal ion-
carboxyl group complexation, incorporate various metal ions into acrylic acid-based polymer scaffolds, enabling
advanced nanoengineering applications.'”® Allium-based liquid metals (LM) and polymer binders serve as multifunc-
tional inks for 3D-printing self-standing scaffolds or for Zn®" plating/stripping, a challenging task for energy storage
devices."”

However, highly efficient cross-linking ions (Cu®*, Fe**, Sr**) are cytotoxic above certain concentrations. Even
physiological ions such as Ca®" can disrupt cellular signaling at high local concentrations. Ionically cross-linked hydrogel
networks are more dynamic and reversible than covalently cross-linked ones, resulting in lower mechanical strength,
which makes them prone to deformation and rupture, thereby limiting their use in load-bearing tissue engineering. Cross-
linking depends on metal ion diffusion, typically proceeding in an outside-in manner, creating a cross-linking gradient
characterized by highly cross-linked, hard outer layers and poorly cross-linked, soft inner layers, which may lead to
incomplete gelling.

Therefore, metal ion-mediated 3D printed biomaterials remain a topic of active research due to their mild cross-
linking conditions (room temperature, aqueous environment) and biomimetic characteristics (simulating the ionic
environment of the extracellular matrix).

Comprehensive Considerations of Drug Delivery Systems
Precise Targeting Strategy

Metal ion-mediated precision targeting strategies show great potential in cancer treatment, which can be achieved
through metal ion catalytic activity, redox regulation, immune activation, or synergy with other therapies. In the context
of precision medicine, innovative targeting strategies are paramount for enhancing therapeutic efficacy and minimizing
off-target effects. Promising approaches combine antibodies and aptamers (short, single-stranded nucleic acids that bind
specific targets with high affinity). This dual targeting enables more precise delivery of therapeutic agents to diseased
cells while sparing healthy tissues. Recent studies have demonstrated that aptamer-antibody bioconjugates enhance the
specificity and effectiveness of drug delivery systems. For instance, aptamers engineered to recognize specific cancer cell
markers can direct cytotoxic agents precisely to tumor sites.”’® Another innovative strategy employs bacterial membrane
camouflage technology, wherein therapeutic nanoparticles are disguised with bacterial membranes to evade the immune
system and improve circulation time in the bloodstream. By mimicking the natural properties of bacteria, these
membrane-coated nanoparticles can effectively target and penetrate tumor tissues, thereby enhancing the delivery of
chemotherapeutic agents. This method improves drug bioavailability and reduces systemic toxicity, holding promise for
various malignancies. Table 2 summarizes the methods and materials based on metal ion-mediated precision targeting
strategies.

Integrating stimuli-responsive elements further advances these targeting strategies. Nanoparticles can be designed to
release their payloads in response to specific environmental triggers, such as pH changes or enzymes characteristic of the
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Table 2 Metal lon-Mediated Precision Targeting Strategies

Classification Materials/Systems Mechanism Application effect/Feature Ref

Single atom nanozyme (SAE) Mn-based nanozyme (Mn- Mn?* activates cGAS-STING pathway, promoting type | interferon Significantly inhibits melanoma growth [201]
MOF) secretion

Metal-organic frameworks (MOFs) AuTPyP-Cu MOFs pH/Ultrasound response releases Cu®*, consumes GSH; AuTPyP Enhances chemotherapy, targets [202]

inhibits thioredoxin reductase, causing oxidative stress mitochondrial damage

Metal phenolic network (MPN) Hafnium-phenolic outer Hf** enhances radiotherapy sensitivity; OMVs activate immune Relieves tumor hypoxia, enhances [203]
membrane vesicles (Hf- response radioimmunotherapy
OMVs)

Gold nanoparticles (AuNCs) AuNCs/ChOx@ZIF-8/PEI Fe?* enhances quenching efficiency and detection sensitivity Good selectivity, sensitivity, practicality | [204]

Chitosan-based nanocarriers pH-responsive chitosan Tumor microenvironment (pH 6.5-7.0) responsive release; EPR Delayed 5-FU release; release rate [205]
nanoparticles (CS-NPs) effect or active targeting (eg, folate modification) increased 3x in acidic environment

Copper sulfide-iron based MIL-Cu,.gS NIR light/pH-responsive Fe** and Cu, .S release; synergistic; Enhanced antitumor efficacy (multi- [206]

nanocomposite ferroptosis and cuproptosis; mitochondrial targeting mechanism synergy)

tumor microenvironment, thereby ensuring site-specific release to maximize therapeutic potential and minimize side
effects.

Spatiotemporal Controlled Release

Metal ion-mediated spatiotemporal controlled release is a prominent research focus in materials science, biomedical
engineering, and environmental engineering. By triggering metal ion release via external stimuli (light, sound, electric
fields) or endogenous changes (pH, ROS), this approach enables precise drug delivery, environmental remediation, and
energy conversion applications. Spatiotemporal controlled release is increasingly important in drug delivery systems for
enhancing therapeutic efficacy and minimizing side effects. Effective mechanisms include dual-responsive systems
triggered by tumor microenvironment stimuli such as glutathione (GSH) and pH. These systems exploit the elevated
GSH levels and acidic microenvironment characteristic of cancer cells to facilitate controlled drug release.”” Another
innovative approach involves designing hydrogels that respond to external stimuli such as light or ultrasound. These
hydrogels undergo physical changes upon triggering, enabling controlled release of encapsulated drugs. For example,
hydrogels exposed to near-infrared (NIR) light enhance localized chemotherapeutic agent delivery, improving treatment
outcomes and reducing systemic toxicity.?*®

Developing oxygen self-supplying systems enhances the efficacy of photodynamic therapy (PDT). Integrating
oxygen-generating components into drug delivery systems overcomes the hypoxia that limits PDT effectiveness. These
systems release oxygen in response to specific stimuli, improving reactive oxygen species (ROS) generation, which is
crucial for tumor ablation.”” Table 3 outlines spatiotemporal controlled release strategies based on metal ion mediation.

Gd**-MOFs exhibit dual functionality that is promising for biomedical applications, integrating diagnosis and
treatment. They serve as both imaging agents and therapeutic delivery systems. Gd**-MOFs demonstrate excellent
MRI properties, enabling precise tumor imaging alongside targeted drug delivery. Incorporating therapeutic agents within
MOFs allows localized treatment, minimizing systemic side effects and enhancing efficacy.”*?

4Cu-labeled nanoparticles represent another innovative theranostic approach. These nanoparticles enable both
imaging and therapy, particularly in cancer treatment. “*Cu labeling facilitates in vivo tracking, allowing real-time
monitoring of drug delivery and therapeutic response. This dual functionality enhances the precision of cancer therapy
and provides insights into the pharmacokinetics and biodistribution of therapeutic agents.’*® Integrating diagnostics and
therapeutics via such multifunctional platforms significantly advances personalized medicine, with the potential to
improve patient outcomes and reduce complications.

The collaboration of zinc ions (Zn*") with PD-LI inhibitors exemplifies synergistic immunotherapy strategies. Zn>"
enhances the efficacy of PD-L1 inhibitors, promoting robust anti-tumor immune responses. This collaborative approach
improves therapeutic outcomes and provides a framework for novel combination therapies targeting multiple pathways
involved in tumor progression.*** Integrating various modalities within collaborative platforms highlights the importance
of interdisciplinary approaches in advancing treatment strategies, ultimately improving the management of complex
diseases and patient care.
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Table 3 Metal lon-Mediated Spatiotemporal Controlled Release Strategies

Trigger Mode Materials/Methods Releasing Mechanism Application Ref
Light control release Photoactive metal-organic Photoresponsive ligands or metal nodes are broken Cancer treatment, [210]
frameworks down catalytic reaction
Ultrasound triggers release Sound-sensitive nanoparticles (RC Ultrasonic destruction of structure releases Cu?* to | Pancreatic cancer [211]
NPs:Poly RA + Poly MPN) induce copper death (cuproptosis) treatment, immune
activation
Electrical field or pH response Na is doped with high entropy The lattice oxygen mechanism (LOM) of electric field | Electrolysis of water to [212]
release layered bishydroxide Na-HE LDH) | regulation releases Fe/Na ions produce hydrogen
Releasing the oxidative response Mg/ vacancy double doped layered | Anion oxidation reduction regulates mn ion release Sodium-ion battery [213]
oxide
Releasing the oxidative response Self-assembled carrier-free Sound trigger copper death-ferroptosis combined Oncotherapy [214]
nanoparticles (Ce6@Cu NPs) therapy
Plasma/surface modification Metallo-polynol network (MPN) Phosphor triggers the metal-ligand bond to break Drug delivery, [215]
environmental
remediation
Plasma/surface modification Ag@PDA film-modified NiTi alloy | Controllable antibacterial activity and enhanced Medical implants [216]
corrosion resistance
Stimulus response release TiZrRuFe-MOF@HA nanosheet pH/photofluorescent metal ions (Fe**, Cu®") are Cancer diagnosis and [217]
released for simultaneous treatment and imaging treatment
Metal complex nanoplatform Precious metal complexes (rh () Phosphorescence imaging and immune regulation Monitoring [218]
and PT (1) functions immunotherapy
Nanofunctional materials Cu-Prlm nanozymes Dual targeting of oxidative stress and copper ion Colorectal cancer [219]
homeostasis (CRC)
Ros responsive nano-probes Amplex® Red (ADHP) Image-guided surgery Imaging guided tumor [220]
resection
Ros responsive and degradable MOF nano reactor drug control Amplified release for tumor starvation/oxidation Tumor growth and [221]
system immunotherapy metastasis

Pharmacokinetic Behavior
AuNPs have long been regarded as biologically inert and difficult to degrade in the body, making their long-term
pharmacokinetic (PK) behavior a key focus of research in this field. Recent studies, however, have challenged this
notion: the PK behavior of AuNPs is determined not only by size and surface modification but also dynamically
regulated by the formation of a protein corona. In vivo, AuNPs initially undergo extensive distribution via the mono-
nuclear phagocyte system (MPS), including the liver and spleen, and a fraction is subsequently excreted through the
kidneys, provided the particles are sufficiently small (<5-8 nm) and possess an appropriate surface charge.”** In terms of
PK modeling for metal nanoparticles, physiologically based pharmacokinetic (PBPK) models have begun to be used to
simulate the distribution of gold nanoparticles in animals,>*> and are expected to be extended to predicting the PK of
other metal-based nanomedicines. Regarding toxicokinetics, metal nanoparticles face challenges such as dose-dependent
cytotoxicity, hepatic retention (30—40%), and oxidative stress (2- to 10-fold increase in ROS). PEGylation can reduce
macrophage uptake by 60~75%, while biodegradable hybrid materials can lower long-term accumulation by 70-80%.*°
Mixed matrix membranes (MMMs) are primarily used for transdermal drug delivery and implantable local controlled
release systems. Their PK characteristics are fundamentally different from those of metal-based nanoparticles: the drug is
slowly released from the membrane matrix via a diffusion mechanism and, after absorption through the skin or local
tissues, either enters the systemic circulation or acts only locally. The most notable PK advantage of protein-inspired
metallopolymers lies in their oral delivery potential. Orthogonally shaped protein—metal hybrid nanocrystals, inspired by
the insulin—Zn complex, have demonstrated the ability to control insulin release and maintain its stability in vitro,
achieving sustained glucose lowering in rats, as well as an absolute bioavailability exceeding 20% after oral capsule

administration in conscious pigs.?*’

Dose Control
Dose control of metal nanoparticles faces two levels of challenges: the administered dose of the particles themselves and
the delivered dose of their loaded therapeutic agents. AuNPs can achieve a drug loading efficiency exceeding 90% and
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increase tumor targeting efficiency by 3- to 5-fold. However, the safety window of metal-based nanoparticles is narrow:
the cytotoxic ICsq falls within the range of 10—40 pg/mL, and cationic surface modification can enhance cytotoxicity by
2- to 3-fold compared to anionic surfaces.”?® Another challenge in dose control lies in batch-to-batch variability; the
primary cause of clinical translation failure is manufacturing irreproducibility, rather than insufficient biological efficacy.
The core advantage of MMM s in dose control lies in their ability to achieve zero-order release kinetics, meaning the
drug is released at a constant rate, thereby avoiding peak-and-trough fluctuations in plasma drug concentration. Current
research on MMMs can achieve precise control over release kinetics at the laboratory scale; however, the variability
introduced by industrial-scale membrane fabrication processes represents a key bottleneck limiting clinical translation.
The reversibility of metal coordination endows protein-inspired metallopolymers with unique advantages in dose
control: by varying metal ion concentration, ligand type, or pH conditions, drug loading and release rates can be
modulated over a wide range. The modular design of metal-coordination-driven protein assembly, ranging from
oligomers to nanocages to higher-order protein structures, and provides multi-level regulatory windows for dose control.

Immune Compatibility

Regardless of the type of nanomaterial, once it enters a biological fluid, its surface rapidly adsorbs biomolecules such as
proteins to form a protein corona. The protein corona not only determines the biological identity of the nanomaterial but
also directly influences immune recognition and clearance. Furthermore, the surface modification of metal nanoparticles
has a decisive impact on their immunocompatibility. For instance, a study on the immune effects of iron oxide
nanoparticles (IONPs) with different surface coatings in a mouse model of acute myeloid leukemia revealed that surface
chemistry can determine whether nanoparticles act as immune activators or immune depleters.**® The immunocompat-
ibility risk of MMM s is relatively low for two main reasons: first, MMMs are typically used for transdermal or local
implantation and do not directly enter the bloodstream; second, the polymer matrix of MMMs has well-established
biocompatibility and has been approved by the FDA for various medical devices. However, for biodegradable MMMs,
like degradable scaffolds used in tissue engineering, degradation products may release immunologically active fragments,
necessitating the inclusion of immunocompatibility assessment. Research in this dimension within the field remains
relatively limited. The immunocompatibility of protein-inspired metallopolymers can be both an advantage and
a challenge. The advantage lies in the fact that their metal-coordination design is derived from physiological metal—
protein interactions, theoretically conferring low foreign immunogenicity. The challenge is that the protein component
itself may elicit an immune response, especially when non-human proteins are used. Additionally, metal ions released
from the material may trigger metal-sensitive immune reactions.

Biodegradation

Metal nanoparticles have evolved from being traditionally considered non-degradable in vivo to achieving controlled
degradation via glomerular filtration, active proximal tubular reabsorption and clearance, or acidic lysosomal transforma-
tion. They can now be designed as biodegradable hybrid materials or small-sized, kidney-clearable particles. Mixed
matrix membranes, in contrast, are classified into non-degradable types for long-term implantation and degradable types
for temporary support. Protein-inspired metallopolymers exploit the reversibility of metal coordination and enzymatic
degradation by proteases to achieve on-demand clearance; however, the metabolic fate and long-term safety of the metal

ions still require systematic evaluation.

Regulatory Considerations

The FDA has not yet established a legal definition of nanomaterial. However, for materials designed to exhibit specific
size-dependent properties, if one or more dimensions are up to 1000 nm, the FDA may also consider them as
nanomaterials. The biggest challenge in nanomedicine regulation is the lack of a unified regulatory framework globally.
Moreover, challenges in biocompatibility, nanotoxicology, and regulatory oversight continue to limit the clinical

translation of nanomedicines.
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Mechanisms of Metal lon-Mediated Action
Chemical Dynamics Therapy (CDT)

Chemodynamic therapy (CDT) utilizes metal ions to catalyze reactions that generate ROS in the presence of hydrogen
peroxide, thereby enhancing oxidative stress within tumor cells and leading to cell death. Metal ions such as iron and
manganese are pivotal in this process, rendering CDT a promising cancer treatment strategy. The selective targeting of
tumor cells while minimizing damage to healthy tissues represents a significant advantage.*® However, CDT is
constrained by overexpressed glutathione (GSH) in tumors and intrinsic tumor resistance to conventional organic
photosensitizers. Lanthanide-doped nanoparticles (LDNPs) coated with inorganic bimetallic copper/manganese silicate
nanospheres (CMSNs) and modified with sodium alginate (SA) enable second near-infrared (NIR-II, 1000-1700 nm)
imaging-guided CDT and photodynamic therapy (PDT), modulating the tumor microenvironment for cancer
theranostics.”*® A biomimetic copper-ion-mediated GSH-responsive nanomedicine achieves cascade anticancer effects
by combining CDT with chemotherapy.?*® Traditional nanomedicine for solid tumors suffers from inefficient penetration
and multiple resistance effects; chemo-dynamic immunotherapy (CDIT) based on a transcytosis tumor oxygenator
(MnPO,/MC;3) with effective chemodynamic effects suppresses tumor growth while enhancing adaptive anti-tumor

immunity.**'

Metal lon Interference with Cellular Homeostasis
Metal ions disrupt cellular homeostasis by altering essential nutrient balances and signaling pathways. Excessive levels
induce oxidative stress, inflammation, and apoptosis in cancer cells. This interference can be harnessed therapeutically to
induce tumor cell death while sparing normal cells.>* However, ion interference therapy (MIIT) outcomes are often
compromised by the intrinsic ion homeostasis maintenance systems of cancer cells (Figure 2). An ion homeostasis
perturbator (CTC) co-encapsulates carvacrol (CAR) and meso-tetra-(4-carboxyphenyl)porphine (TCPP) into pH-sensitive
nano-CaCOs, thereby disrupting self-defense mechanisms during ion imbalance.”** The diversity of metal ions and the
intricacies of cellular metabolism challenge full understanding, impeding progress. Various amplification strategies
focusing on ionic homeostasis and cancer cell metabolism have been developed to enhance MIIT efficacy.”>® An
in situ mineralization-synthesized ion homeostasis disruptor (PCCa) targets cellular calcium buffering for calcium ion
therapy.”** To overcome metastasis, recurrence, and poor lethality against bulk tumor cells, coordination nanomedicine
engineered from 2,5-dihydroxyterephthalic acid (DHT) complexed with zinc ions (Zn®") acts as a double-effect
nanodisrupter of tumor iron (Fe) and redox homeostasis for catalysis-boosted therapy.?*> Inhibiting the copper transporter
ATP7A enhances cuproptosis, thereby inhibiting tumor invasion and metastasis.>*® Moreover, zinc ions are cytocidal to
mutp53-carrying cells by restoring p53 function and abrogating mutp53. Zinc-doped Prussian blue (ZP) nanoparticles
combine Zn*"-based and photothermal therapeutic effects, revealing the interplay between hyperthermia and mutp53
degradation in cancer treatment.”’

Thus, metal ions can catalyze oxygen generation in hypoxic tumor microenvironments, alleviating oxygen deficiency
and enhancing the effectiveness of radiotherapy and chemotherapy. Improved oxygen availability increases the treatment
sensitivity of tumor cells, leading to better therapeutic outcomes.

Immune Modulation

Metal ions crucially modulate immune responses, influencing the activation and function of immune cells such as T cells
and macrophages. Zinc ions enhance dendritic cell activation, promoting robust anti-tumor immune responses. This
immunomodulatory effect can improve the efficacy of cancer immunotherapy by enhancing the body’s natural cancer-
fighting ability.*>**® Nutritional metal ions in metalloimmunotherapy, such as cyclic dinucleotide (CDN) STING agonists
and Mn*', offer a new platform for local and systemic cancer treatments, initiating robust anti-tumor immunity and
achieving remarkable therapeutic efficacy.”®® Achieving high-quality bone-implant integration requires a balance
between immune defense and anti-inflammation. Abaloparatide (ABL) integrated into a zinc-phenolic network constructs
a multifunctional nanointerface (ABL@ZnTA) that enhances implant osseointegration, balancing infection defense and
osteogenesis promotion in orthopedic and dental implants (Figure 3A-D).>** Long-term implant stability depends on
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Figure 2 Schematic illustration of metal ion interference with cellular homeostasis. (A) Preparation of PCCa. (B) Tumor cell death process via calcium ion therapy and
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treatment.”**(E) Fe>*-triggered cascade functioning of ZnDHT and its anti-cancer mechanisms.?*® (F) Combinational effects of ion interference and photothermal treatment
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perfect integration with surrounding tissues; metal ion-regulated immune responses promote bone tissue formation,
thereby enhancing integration effectiveness. A multifunctional coating with biomimetic micro-/nano-structures on
titanium surfaces achieves sequential Cu®" and Zn®" release, addressing the challenges of titanium implant failure
(Figure 3E).**' An ATP-responsive Mg/Zn-MOF used as an ion-interference strategy in periodontitis immunotherapy
effectively diminishes inflammatory cell infiltration.***

Structural Regulation and Intelligent Response
Significant progress has been made in Metal-based biomaterials for structural regulation and intelligent response, with

244245 cancer therapy,”*® and biosensing.>*” Thus, the develop-

applications in antimicrobial properties,®** tissue repair,
ment of novel non-antibiotic strategies for treating infections and accelerating wound healing represents a key application
for these materials, which leverage the unique chemical characteristics of metal ions, including coordination, redox
activity, and photothermal/catalytic effects, for dynamic structural modulation and environmental responsiveness. Co-
assembling glycyrrhizic acid (GA) and rhein (Rh) via Zn** modulation improves antibacterial efficacy and anti-
inflammatory capacity.”*> An ion-mediated immunotherapy agent (IMIA) engineered through ion-immunotherapy
reshapes the immunosuppressive tumor microenvironment (TME), awakening systemic immune responses and long-
term immune memory.”*® Surfaces designed for specific biomolecule recognition are essential for cancer theranostics,

biosensing, and tissue engineering. New grafting methods, such as polydopamine (PDA)-assisted Ca*"-mediated grafting
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using hyaluronic acid (HA), increase grafting density, enhance interactions, enable selective recognition, and offer
simplicity, versatility, and substrate flexibility for biomedical applications.?*” Another conjugation strategy, cytomem-
brane-mediated biospecific transport of metal ions without other materials, also offers versatile biofunctions for effective
chemotherapy.**®

Limitations in structural regulation and intelligent response include difficulty in precisely controlling metal ion
release rate, spatial distribution, and concentration gradients, which may cause localized toxicity or insufficient efficacy.
Long-term degradation products of certain materials may trigger immune responses. Photothermal/photodynamic mate-
rials such as InNNi;** and Ti-PMOF-DMA?* are constrained by tissue penetration depth and hypoxic microenviron-
ments. Future trends include combining multiple mechanisms, such as photothermal/sonodynamic/ion release (eg, Type
I/II SDT synergistic starvation therapy using Au/Yb-TCPP@GOx).>>' Optimizing cell membrane modification strategies
improves targeting efficiency (eg, macrophage membrane for inflammation targeting).>>* Developing pH/enzyme/ROS
multi-responsive metal ion carriers enables on-demand release.”’

Mechanisms of Metal lon-Mediated Biological Effects

Coordination Chemistry: Binding of Metal lons to Biomacromolecules

Metal ions can be stably delivered through coordination interactions.'* Using a metal-phenolic network, the researchers
co-immobilized AI** and Mn>" with ovalbumin into a biocompatible coordination network. At a more fundamental level,
the coordination function of metal ions as enzyme cofactors in immune signal transduction is critical, especially the
activation of the cGAS-STING pathway by Mn**.>>* Moreover, a high-copper environment promotes tumor angiogenesis
by upregulating VEGF expression, while copper chelators are used to inhibit angiogenesis and delay tumor
progression.”> This direct coordination serves as the key molecular basis for copper-mediated regulation of angiogen-
esis. Whether in immunomodulation or angiogenesis, coordination chemistry represents the initial step through which
metal ions initiate biological effects.

Although the binding affinity and stoichiometry of the Cu”‘-angiogenin interaction are well characterized, most
evidence comes from in vitro binding assays. In the complex in vivo milieu, competing metal ions (eg, Zn>") and
chelating proteins (eg, albumin, metallothionein) can dramatically alter the effective free Cu®" concentration. Thus, the
quantitative significance of this direct coordination under physiological or pathological copper overload conditions
remains uncertain.

Electron Transfer: Redox Regulation and Reactive Oxygen Species Generation
Electron transfer represents another core mechanism by which metal ions exert biological effects, and it is particularly

prominent in antibacterial activity and cell death regulation. Generalova et al*>°

systematically summarized three major
antibacterial mechanisms of metal/metal oxide nanoparticles: physical cell-wall interaction, release of metal ions, and
reactive oxygen species (ROS) generation. Unlike the single mode of action of conventional antibiotics, nanoparticles
can exhibit multiple mechanisms simultaneously, producing synergistic effects that include membrane disruption, DNA
and protein damage, enzyme inactivation, and oxidation of cellular components, ultimately leading to cell death. The
review classified and discussed the specific antibacterial mechanisms of various metal nanoparticles, including Ag, Au,
Cu/CuO, TiO,, ZnO, and Fe,03/Fe;0,4. The intrinsic link between ion release and ROS generation lies in the fact that
metal ions (especially transition metal ions such as Fe*'/Fe*" and Cu?") can catalyze the Fenton reaction and Fenton-like
reactions, converting relatively inert HO, into highly reactive hydroxyl radicals (-OH), thereby causing irreparable
oxidative damage to bacteria. While Fenton chemistry is well established in cell-free systems, its actual contribution
within bacterial cells is often inferred from indirect evidence (eg, ROS scavengers or iron chelators). Direct quantifica-
tion of hydroxyl radicals in live bacteria during nanoparticle exposure remains technically challenging. Wang et al*>*
took a more systematic view, noting that transition metals (Fe, Zn, Mn, Cu, Co) play central roles in metabolism and
immunity due to their unique redox properties, performing three major functions within metalloproteins: providing

257
1

structural support, acting as enzyme cofactors, and mediating electron transfer Cheng et al™’ extended this principle to

the field of tumor immunotherapy, elaborating in detail how multiple metal ions, regulate the tumor microenvironment
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and enhance immunotherapy efficacy by inducing programmed cell death (PCD), such as ferroptosis (driven by iron-
dependent lipid peroxidation) and cuproptosis (copper-induced proteotoxic stress through direct binding to tricarboxylic
acid (TCA) cycle enzymes). These newly discovered PCD paradigms all depend on the unique redox chemistry of metal
ions, reaffirming the key role of the ion-centric paradigm in cell fate determination.

The discovery of cuproptosis and ferroptosis has undoubtedly advanced the field. However, most mechanistic studies
rely on genetic or pharmacological manipulations that drastically alter intracellular metal pools, conditions rarely
encountered in clinical metal-based nanomedicine. Moreover, distinguishing between direct ion-mediated PCD and
secondary effects arising from general oxidative stress remains a significant challenge.

Signaling Pathway Interference: Multi-Target Regulation by lon Signal Transduction
The most distinctive capability of metal ions lies in their ability to simultaneously regulate multiple signaling pathways,
a form of polypharmacology that is difficult to achieve with conventional small molecules or biologics. Among the
pathways uncovered so far, the cGAS-STING pathway stands as the most representative example.

Li et al systematically explained how manganese ions modulate the activity of CD8" T cells and NK cells by
regulating the cGAS-STING pathway.””® Mn** directly binds to ¢GAS, enhances its sensitivity to double-stranded
DNA, promotes cGAMP production, and thereby activates the STING-dependent type I interferon response. In terms
of the breadth of signaling pathway regulation, biometallic ions not only affect a single immune checkpoint pathway
but also synergistically enhance immunotherapeutic effects through multiple steps, such as activating immune cells,
enhancing tumor antigen presentation, and remodeling the tumor microenvironment.>>> The immunomodulatory
function of metal ions is multi-layered: by inducing distinct forms of ferroptosis or cuproptosis, metal ions not only
directly kill tumor cells but also release damage-associated molecular patterns (DAMPs) that activate antigen-
presenting cells, thereby bridging innate and adaptive immune responses.”>” In the field of angiogenesis, metal ions
such as magnesium, zinc, copper, strontium, and cobalt have been shown to synergistically regulate the process of new
blood vessel formation by activating multiple signaling pathways, including Wnt, PI3K/Akt, MAPK, and HIF-1o/
VEGF. This ability to achieve multi-pathway synergistic regulation is precisely the core advantage that distinguishes
metal ions from conventional drugs.

While polypharmacology is touted as an advantage, it is also a double-edged sword. The same multi-target
engagement that produces therapeutic synergy can lead to unpredictable off-target effects, narrow therapeutic windows,
and complex toxicity profiles that are difficult to model preclinically. For example, activation of the HIF-1a/VEGF axis
by cobalt or copper ions may promote angiogenesis in ischemic tissue but could also accelerate tumor progression or
induce aberrant vascular leakage.>>*2°° Copper chelation therapies such as penicillamine and tetrathiomolybdate inhibit
tumor microvascular supply, reduce tumor volume, and decrease vascular permeability in animal models by lowering
261 Multiple
clinical trials have been conducted to investigate copper chelation as an adjuvant or primary therapy. Thus, a more

plasma copper levels; reduced plasma copper levels suppress the formation of breast cancer micrometastases.

balanced view would acknowledge that metal ions clinical success depends on exquisite spatial and temporal control,
which a challenge that remains far from solved.

Disease Treatment Applications of Metal lon-Mediated Action

Metal ion-mediated therapies have vast applications in disease treatment, particularly in oncology, where they offer
innovative strategies for combating cancer. Representative paradigms include metal peroxides in chemoreactive nano-
medicine: copper peroxide (CuO,), calcium peroxide (CaO,), magnesium peroxide (MgO,), zinc peroxide (ZnO,),
barium peroxide (BaO,), and titanium peroxide (TiOx) nanosystems. These have been broadly explored in catalytic
nanotherapeutics, photodynamic therapy, radiation therapy, antibacterial infection control, tissue regeneration, and
synergistic applications.”*> As shown in Figure 4, metal-based materials, such as hydrogels, microspheres, nanofiber
scaffolds, and coatings, which deliver anti-tumor therapies through mechanisms including chemical kinetics, glutathione
depletion, mitochondrial dysfunction, and immune activation. They combat infections by disrupting biofilm formation
and membrane structures. Furthermore, their antibacterial properties help prevent infections, while their antioxidant
capabilities neutralize excessive ROS and mitigate inflammatory damage.
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Figure 4 Multi-scenario biological functions of metal-ion-loaded biomaterials. These biomaterials can be fabricated into various morphologies such as hydrogels, micro-
spheres, and nanofibers, and loaded with a range of metal ions including silver, magnesium, copper, and iron. They function in three major directions: Antitumor: they kill
tumor cells through multiple pathways, including chemodynamic therapy, mitochondrial dysfunction, glutathione depletion, ferroptosis, and immune activation. Anti-infection:
the released metal ions achieve broad-spectrum antibacterial and antimicrobial effects. Tissue repair: they induce angiogenesis and regulate the proliferation of fibroblasts
and keratinocytes, thereby accomplishing wound tissue regeneration.

Antitumor Therapy

Antitumor therapy using metal ions encompasses various strategies that enhance treatment efficacy while minimizing
side effects. Metal phosphate nanomaterials (Metal-BP) and their nanocomposites, as drug delivery systems, have
achieved breakthroughs in tumor diagnosis (MRI, fluorescence, photoacoustic, and nuclear imaging) and therapies
(chemotherapy, gene therapy, PTT, PDT, and radiotherapy).?®®> Porphyrin-based MOFs, as multifunctional nanomaterials,
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offer high porosity, tunable structures, excellent stability, and versatile applications, leading to better therapeutic
outcomes, reduced side effects, and improved selectivity for cancer therapy.264 Copper-based MOFs (Cu-MOFs) excel
in catalysis, biocompatibility, photothermal conversion, and metabolism regulation, attracting increasing attention for
antitumor applications.”®> DNAzyme-loaded MOFs, such as the chlorin e6-modified DNAzyme (Ce6-DNAzyme)
therapeutic nanosystem, produce ROS and provide fluorescence signals for combined gene therapy and PDT.>*® Other
MOF-based approaches include nanozyme-engineered MOFs for catalytic cascade-enhanced synergistic cancer
therapy.”®” Different MOF structures have also been applied in cancer therapy, including heterostructures of Ag-doped
MOFs,*®® petaloid R848@petaloid MOFs,*® aperture-modulated isoreticular MOFs,?”® nanoscale MOFs,?”! polydopa-
mine-coated MOFs,?’? multifaceted carbonized Cu,.Se@cMOF nanopla‘tforms,273 dual-functional bimetallic
(GOx@MnCoMOF) nanoplatforms,”’* and tailored core-shell dual MOFs (MIL-88-ICG@ZIF-8-DOX nanoparticles)
as versatile nanomotors for effective synergistic antitumor therapy.?’>

Catalytic therapy uses metal ions to facilitate the generation of cytotoxic agents within tumor cells. As shown in
Figure 5, iron-, copper-, and manganese-based biomaterials induce apoptosis through distinct ion-mediated pathways.
Iron-based materials release iron ions, triggering lipid peroxidation and accumulation of reactive oxygen species (ROS),
thereby initiating ferroptosis. Copper-based materials regulate the valence state of copper ions, interfere with protein
maturation and assembly, and induce proteotoxic stress leading to cell death. Manganese-based materials cause
intracellular manganese overload, disrupt endoplasmic reticulum protein folding, and trigger cell death through non-
apoptotic pathways. Thus, these three types of biomaterials achieve differential cell regulation via completely indepen-
dent programmed cell death pathways. Copper ions (Cu*/Cu*") generate ROS, enhancing oxidative stress and promoting
apoptosis.>’® Manganese ions (Mn*") alleviate tumor hypoxia, thereby improving the effectiveness of other therapies.®®
Synergistic therapy has prompted extensive research into new treatments that overcome the limitations of traditional
therapies. Metal catalysts with enzyme-like functions serve as carriers and are combined with glucose oxidase (GOx),
ensuring preservation of enzyme activity in normal tissue and specific activation within tumors.?””

Metal ions enhance anti-tumor immune responses, making them valuable in immunotherapy. Zinc ions (Zn>") activate
dendritic cells, promoting T cell activation and enhancing the overall immune response.”’® Magnesium ions (Mg”")
modulate antitumor immunity, highlighting the potential of metal ions in enhancing immunotherapy efficacy.>’® A novel
multifunctional copper-piceatannol/HA nanopill (Cu-Pic/HA NPs) enhances pyroptosis and cuproptosis, remodeling the
immunosuppressive tumor microenvironment (TME) for cancer immunotherapy.”*® Most chemotherapy drugs lack tumor
specificity, have low bioavailability, and face clinical obstacles. Metal-phenolic network nanoparticles self-assembled
from copper-coordinated chlorogenic acid (ChA) (ChA-Cu NPs) overcome the tumor immunosuppressive microenviron-
ment (TIME) and low immunogenicity in solid tumors.”®' Cell pyroptosis and cuproptosis represent promising cancer
therapy strategies. Tumor microenvironment-responsive Cu/CaO, nanocomposites serve as a multimodal platform that
facilitates significant ROS generation,®’ leading to pyroptosis, immunogenic cell death (ICD), and T cell infiltration via
antitumor immune response.”*

Therefore, in the field of anticancer therapy, metal ions exert potent antitumor effects by inducing novel programmed
cell death modalities such as ferroptosis, cuproptosis, and calcicoptosis, and through activation of immune pathways such
as the cGAS-STING pathway.”*’ In regenerative medicine and tissue engineering, ions including Sr**, Mg®*, Zn**, and
Cu?" have been systematically integrated into scaffold designs to harness their osteoinductive and angiogenic functions,
effectively promoting multi-tissue synergistic repair.”®* In the area of anti-infection, strategies based on metal ions (eg,
Ag’, Cu*", Ga®") provide new avenues for overcoming antibiotic resistance. Furthermore, metal ion—driven delivery
systems, such as metal-organic frameworks (MOFs), metal hydrogels, and metalloprotein nanomedicines, have enabled
major breakthroughs including oral delivery of macromolecular drugs, crossing the blood-brain barrier, and theranostic

capabilities that integrate imaging-guided therapy.”®*2%¢

Antimicrobial Treatment

Antimicrobial treatment is increasingly important due to the rise of antibiotic resistance and the need for effective
strategies to combat infections. This section explores various aspects of antimicrobial treatment, focusing on the
mechanisms of action of silver, copper, and gallium ions, as well as the role of biofilm disruption in enhancing
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287

therapeutic efficacy. Examples include integrated metal complexes for diagnosis and treatment,”®’ metal-drug

coordination complexes,”®® bimetallic nanocatalyst/nanoreactors,”®” and bioceramics/coatings with metal ion
doping.*”°

Tuberculosis, a globally significant infectious disease primarily caused by Mycobacterium tuberculosis, has seen its
treatment efficacy drastically reduced owing to drug resistance issues associated with conventional medications. This
urgent need for multi-target therapeutic approaches has driven the development of innovative solutions. Emerging
antibacterial therapies, such as light-activated therapy and gas therapy, demonstrate unique advantages. However, current

multi-component drugs based on nanocarriers still face challenges including complex preparation processes, poor
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stability, and unclear pharmacokinetic profiles. Thus, a novel integrated photoactive manganese-based carbon monoxide
(CO) release molecule has been developed for the synergistic treatment of mycobacterial infections, based on small
molecular metal complexes with photoactivity and carbon monoxide release function.*™®

Silver ions (Ag") possess potent antibacterial properties, interacting with bacterial cell membranes and intracellular
components. The mechanism involves ROS release that induces oxidative stress, causing cellular damage and bacterial
death. Ag" penetrates membranes, disrupts metabolism, and inhibits DNA replication. Silver nanoparticles that con-
trollably release Ag"™ significantly reduce bacterial viability while minimizing resistance development, making silver
a promising candidate for various medical antimicrobial applications.?'*** Osteomyelitis remains a formidable chal-
lenge; multidrug-resistant bacteria have renewed interest in antimicrobial biomaterials that use antiseptic silver ions.*** In
situ silver nanoparticle coatings built on bacterial biofilms offer antimicrobial activities for implant-surrounding tissue
cells.”®* A Sr@Ag-based scaffold fabricated by coaxial 3D printing provides anti-inflammatory and pro-osteogenic
effects, holding promise for infectious bone defect diseases.>””

Copper ions (Cu®") are potent antimicrobials against multidrug-resistant bacteria. Their antibacterial action primarily
involves ROS generation and bacterial membrane disruption, leading to increased permeability, leakage of cellular
contents, and cell death. Copper effectively inhibits resistant strains such as MRSA. Its dual mechanism, direct
membrane disruption combined with oxidative stress induction, and makes it valuable against bacterial infections,
especially in the context of rising antibiotic resistance.’’**°’ In vital pulp therapy (VPT), a SrCuSi,Oc/gelatin
methacrylate (SC/Gel) composite hydrogel improves dentine-pulp complex repair through multiple bioactivities via
sustained release of Sr**, Cu®’, and SiO5*" ions (Figure 6A).>%

Gallium ions (Ga*") exhibit unique antibacterial properties by mimicking iron, which is essential for bacterial growth.
Ga®" interferes with iron uptake, causing nutritional deprivation and growth inhibition. This mechanism is particularly
effective against iron-dependent pathogens, disrupting their metabolism. Recent research highlights gallium’s potential
against resistant bacteria, making it a promising candidate for novel antimicrobial therapies. Targeting bacterial iron
metabolism provides a strategic advantage against infections that are increasingly difficult to treat with conventional
antibiotics.>*>?°! In wound healing, an innovative antibacterial technology uses a two-dimensional nanomaterial that
anchors Ga®" onto the surface of black phosphorus (BP); Ga®" employs a “Trojan horse strategy” to disrupt iron
metabolism while enhancing BP stability (Figure 6B).%%

Iron chelators disrupt biofilms by sequestering iron, which is essential for bacterial growth and biofilm formation.
Limiting iron availability weakens biofilm structural integrity and enhances antibiotic susceptibility. Iron chelation
inhibits biofilm formation and promotes the dispersal of established biofilms, making bacteria more vulnerable. This
dual action positions iron chelators as valuable adjuncts to antimicrobial therapy, particularly against biofilm-associated

infections.>?%303

Bone Repair

In the field of orthopedics, metal ion-functionalized biomaterials have made significant progress in bone defect repair.
Studies have shown that applying layered double hydroxide (LDH)-functionalized bone cement to critical-size bone
defects not only enhances the mechanical properties of the material but also promotes bone tissue regeneration through
the sustained release of functional metal ions.*** Specifically, CuMgFe-LDH-loaded bone cement demonstrates superior
performance in multiple aspects: the material achieves an inhibition rate of up to 99.99% against Staphylococcus aureus,
significantly enhances cell proliferation and differentiation, increases calcium nodule deposition by 1.29-fold, and
doubles the expression of osteogenesis-related genes.***

Strontium ions (Sr*") enhance osteoblast differentiation and activity. Sr** stimulates the proliferation of mesenchymal
stem cells (MSCs) and their differentiation into osteoblasts, a process crucial for bone formation.*®> The mechanism
involves activation of signaling pathways such as Wnt/B-catenin, which are essential for osteogenic differentiation.**¢>%’
Sr** enhances the expression of osteogenic markers, including alkaline phosphatase (ALP),?°® osteocalcin (OCN),*?%-%%
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and runt-related transcription factor 2 (Runx2),”" thereby promoting mineralization and bone matrix formation.

Incorporating Sr** into bone graft materials improves their osteoconductive properties, enhancing bone healing in
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preclinical models.*'' The release of Sr*" from biomaterials creates a localized environment conducive to bone
regeneration, making it a valuable strategy for bone repair.>*®

Magnesium ions (Mg?") are vital for bone growth and regeneration, playing essential roles in osteoblast function and
the regulation of bone mineralization. Mg>* enhances osteoblast proliferation and differentiation, thereby increasing bone
formation.>'? The incorporation of Mg?" into biomaterials improves their mechanical properties and biocompatibility,
making them attractive for bone repair.’’> Mg>" in amorphous calcium magnesium phosphate (ACMP) bioceramics
incorporated into methacrylated gelatin (GeIMA) bioink triggers osteogenic differentiation of encapsulated pre-
osteoblasts and stimulates bone regeneration.*'* Mg?" modulates osteogenic gene expression and promotes the synthesis
of bone matrix proteins, facilitating the healing of bone defects.>'> Additionally, Mg>" exerts anti-inflammatory effects,
supporting a favorable environment for bone regeneration. Using magnesium nanoparticles (MgNPs) as templates,
magnesium-enriched graphene oxide nanoscrolls (MgNPs@GNSs) have been designed as immunomodulatory agents
that combinationally modulate inflammatory responses for bone defect repair.*'® Incorporating Mg*" into bone grafts and
scaffolds significantly improves healing outcomes, highlighting its therapeutic potential. Injectable biomimetic porous
hydrogels (MgO/MgCO;@PLGA (PMM) hydrogels) serve as in situ repair systems for irregular bone defects and
accelerate bone regeneration.’'’

In the field of orthopedic implants, novel medium-entropy alloys (MEAs) such as TiMoHfCux (x = 0, 5, 10) have
simultaneously achieved excellent mechanical properties, antibacterial characteristics, and osteogenic activity through the
introduction of hafnium and copper elements. The TiMoHfCulO alloy demonstrates an antibacterial rate of up to 97%
against Escherichia coli and exhibits outstanding osteogenic performance in a rat femoral condyle model. This is
primarily attributed to the nanoscale needle-like (Ti, Hf),Cu precipitates and the micro-area potential difference

(MAPD) effect formed between these precipitates and the matrix.*'®

Nerve Regeneration

Zinc ions (Zn>") play a critical role in nerve injury repair, as they are involved in cell proliferation, differentiation, and
regeneration. A chimeric hydrogel microsphere has been designed, featuring an Mg?*-crosslinked methacrylate gelatin
“shell” and a Zn**-loaded PLGA “core”.*'? Zn*" promotes the survival of neurons and glial cells, which is essential for
nerve regeneration. In the context of nerve injury, Zn>" enhances repair by modulating inflammatory responses and

320 5 2+ -
Zn~" stimulates

promoting angiogenesis, a process crucial for supplying nutrients and oxygen to regenerating nerves.
neurotrophic factor secretion (nerve growth factor NGF,*?! brain-derived neurotrophic factor BDNF>??), thereby support-
ing neuronal survival and growth. Furthermore, Zn*" influences macrophage polarization, promoting the pro-regenerative
M2 phenotype that facilitates tissue repair. KZIF@HA spontaneously forms nanogels for sustained drug release; the
release of Zn>" reverses osteoarthritis (OA) progression by promoting M2 macrophage polarization and establishing an
anti-inflammatory microenvironment.**® The application of Zn?" in nerve repair strategies holds promise for improved

functional recovery after peripheral nerve injuries.***

Angiogenesis
Copper ions (Cu®") are essential for angiogenesis, the process of new blood vessel formation that is critical for tissue
repair and regeneration. Cu®" promotes angiogenesis by enhancing endothelial cell proliferation, migration, and tube

formation. It stabilizes hypoxia-inducible factor (HIF),>?

a key regulator of angiogenic factors such as vascular
endothelial growth factor (VEGF).*?¢ As shown in Figure 7, the release of metal ions from porous scaffolds, biomimetic
nanoparticles, and metal-coated micro/nano-particles can promote endothelial cell migration and proliferation, regulate
remodeling of the immune microenvironment, alleviate oxidative stress, and ultimately facilitate vascular regeneration as
well as tissue repair and reconstruction through pro-angiogenic growth factors such as VEGF. TiCu/TiCuN multilayer
coatings offer wear resistance and antibacterial effects; however, their broad application remains unrealized.**’ The

documented role of Cu”" in promoting angiogenesis and tissue repair,>>*~%

presents a significant opportunity to develop
enhanced multifunctional coatings, although a deeper understanding of their properties is still required. Moreover, the
development of porous tantalum (Ta) scaffolds is hindered by the difficulty in balancing porosity against mechanical

strength, and degradation rate against tissue ingrowth. The synthesis of in situ Ta-doped B-tricalcium phosphate (B-TCP)
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nanopowders via a microwave-ultrasound-assisted hydrothermal method aims to overcome these trade-offs by improving
mechanical integrity, biodegradation kinetics, and osteoinductivity.**°

To achieve sustained release, prolonged efficacy, reduced dosage, improved efficiency, and potentially lower side
effects, dexketoprofen trometamol (DT)-loaded chitosan nanoparticles (CS-NPs) were designed and produced as an oral

d.**' Moreover, by utilizing an interpenetrating polymer

sustained-release delivery system using the spray drying metho
network (IPN) structure and a nanocomposite strategy, the scaffold’s mechanical strength and degradation properties are
simultaneously improved, thereby addressing the common performance drawbacks of single-component hydrogel
materials. The innovative incorporation of CuO nanoparticles (CuONPs) enables the scaffold not only to passively
support tissue growth but also to actively release biological signals that promote angiogenesis, overcoming the core

challenge of nutrient delivery and metabolic waste removal in tissue engineering.*>?
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Antioxidant and Anti-Inflammatory

The interplay between oxidative stress and inflammation is critical in the pathogenesis of chronic diseases such as
diabetes, cardiovascular disorders, and neurodegenerative diseases. Antioxidants mitigate oxidative stress, while anti-
inflammatory agents reduce inflammation. There is growing interest in using metal ions for their antioxidant and anti-
inflammatory properties. These ions exhibit therapeutic potential and contribute to novel management strategies for
diseases related to oxidative stress and inflammation.

Cerium ions (Ce®", Ce*") attract attention for their antioxidant properties. Their unique redox behavior enables
participation in redox cycling, allowing them to effectively scavenge free radicals and ROS. The mechanism involves the
conversion between Ce®" and Ce*": Ce®" donates electrons to neutralize free radicals, while Ce*" accepts electrons to
stabilize reactive species. This dual functionality makes cerium oxide nanoparticles (nanoceria) particularly effective in
biological systems, as they mimic natural antioxidant enzymes such as superoxide dismutase and catalase.*** Cerium ions
also enhance the expression of endogenous antioxidant enzymes, thereby boosting cellular antioxidant capacity.*** The
application of cerium in wound healing and tissue regeneration highlights its potential to reduce oxidative damage and
promote healing through its antioxidant properties.®*

Vanadium ions (V") are promising for diabetes treatment due to their insulin-mimetic properties. Vanadium enhances
cellular glucose uptake, improves insulin sensitivity, and modulates signaling pathways involved in glucose
metabolism.**® The mechanism involves the activation of insulin receptor substrates, which in turn stimulate glucose
transporter proteins to facilitate cellular glucose entry. Okra extract-capped V,0O5 nanoparticles (ONPs) exhibit signifi-
cant absorptivity, mucoadhesion, and controlled release of vanadate ions as intermediates.*®’ Vanadium also possesses
antioxidant properties that help mitigate oxidative stress associated with diabetes. By reducing oxidative damage, it
protects pancreatic B-cells from apoptosis, thereby preserving insulin production.®*® Vanadium’s dual role with enhancing
insulin sensitivity while providing antioxidant benefits, positions it as a valuable therapeutic agent for the management of
diabetes and its complications.>*® Ongoing studies are exploring optimal delivery methods and formulations to maximize

vanadium’s clinical therapeutic potential.>*°

Integrated Diagnosis and Treatment

Integrating diagnostic imaging with therapeutic strategies represents a significant advancement in modern medicine,
particularly in oncology and cardiology. This approach combines imaging modalities such as MRI and PET/SPECT with
targeted therapies, enabling personalized treatment based on individual patient profiles. Melanin nanoparticles, especially
when combined with paramagnetic ions, have sparked interest as MRI contrast agents.**' The use of magnetic (Fe**, Gd*")
and radioactive (®*Cu, *’mTc) metal ions further enhances the efficacy of this integrated approach. Paramagnetic ions
improve MRI contrast and visualization of pathological tissues, while radioactive metals enable PET/SPECT imaging,
facilitating the detection of malignancies and guiding therapeutic interventions. This synergy optimizes patient manage-
ment and enhances treatment precision, thereby improving clinical outcomes. Copper-64 (T;/, = 12.7 h) emits positrons and
beta particles, making it suitable for PET imaging and cancer radiotherapy.’** Labeling with ®*Cu during the synthesis of
melanin-like polymers (MPNs) directly into the polymeric matrix creates multimodal preclinical imaging agents.*** Ligand
anchoring group-mediated radiolabeling (LAGMERAL), based on diphosphonate-polyethylene glycol (DP-PEG) deco-
rated on inorganic nanoparticle surfaces, enables sensitive tumor diagnosis.***

The development of metal-ion theranostic agents faces key challenges. In particular, it is difficult to simultaneously
optimize both imaging properties and therapeutic functions. Although smart probes responsive to pathological micro-
environments are emerging, their activation sensitivity, specificity, and reliability still require improvement. Furthermore,
integrating multimodal imaging and combination therapies into single platforms often leads to structural complexity,
reduced reproducibility, higher costs, and potential interference between functional components.

Vanadium ions (V°") are promising for diabetes management. Research indicates that vanadium mimics insulin
action, enhancing cellular glucose uptake and lowering blood sugar levels. Silver vanadate nanoparticles (AgVOj3) confer
antimicrobial activity at the molecular level.*** Selecting suitable nanozymes that are easy to synthesize, tumor-specific,
multifunctional, and therapeutically effective is meaningful for tumor therapy. Natural polyphenol tannic acid (TA)
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hybridized with mixed-valence vanadium oxide nanosheets (TA@VOx NSs) effectively inhibits tumor growth through
synergistic chemodynamic therapy (CDT) and photothermal therapy (PTT).**¢ Titanium (Ti)-based metallic biomaterials
(MBs) serve as mechanical supports and constraints in clinical settings due to their superb mechanical properties, great
corrosion resistance, and good biocompatibility.>*” Transition metal oxide (TMO) nanomaterials can initiate the tumor

. . 4
immunity cycle.**®

pH-sensitive, tumor-tropism hybrid membrane-coated manganese oxide (MnO,) nanoparticles act as
glutamine metabolism inhibitors, delivering small molecule drugs for chemo- and immunotherapy.**’ The key challenge
remains the precise delivery of metal ions or nanocarriers to target lesions with effective enrichment while reducing off-
target effects on normal tissues.

The clinical application of conventional metal-ion agents is limited by poor targeting, low bioavailability, and short
half-life. Although nanotechnology can partially address these issues, many nanocarriers suffer from instability, rapid
clearance, and insufficient tumor accumulation due to the weak enhanced permeability and retention (EPR) effect in
humans. Active targeting strategies are further hindered by complex modification processes and target heterogeneity.
Thus, despite the promise of metal ions in theranostics, key challenges related to safety, targeting, functional integration,
and clinical translation remain to be overcome.

In summary, the field of metal ion-based theranostics stands at a crossroads. The challenges outlined above are
substantial but not insurmountable Such as conflicts in functional integration, inefficient targeting, and translational
hurdles. Only through such a paradigm shift will metal ion-based theranostics fulfill their long-standing promise of

personalized, precise, and safe disease management.

Wound Healing and Skin Regeneration

In the field of skin wound repair, metal ion-mediated biomaterials demonstrate significant therapeutic potential. In recent
years, various innovative material systems have been developed to address different types of wound healing challenges.
Metal-alginate (M-Alg) hydrogels,>® provide a moist wound environment through their three-dimensional network
structure while enabling controlled release of metal ions for antibacterial effects. Gold nanoparticles (E-Au NPs),*”!
utilize their surface plasmon resonance characteristics to generate localized thermal effects under near-infrared light
irradiation, effectively eliminating drug-resistant bacteria.

Nanosized zinc-based MOFs,*> leverage their high specific surface area and tunable pore sizes to achieve sustained
release of zinc ions, inhibiting bacterial growth while promoting fibroblast migration. The nlon**-COS/SA gel film,
provides both a physical barrier and bioactive therapy for wounds through the synergistic effect of the natural
antibacterial properties of chitosan and metal ions.>>® Copper-zinc bimetallic organic frameworks (Cu/Zn-rich
BMOFs), employ cascaded release of two metal ions, achieving rapid antibacterial effects followed by long-term healing
promotion, thereby meeting the requirements of different stages of wound repair.>>* Particularly noteworthy, tannic acid-
europium metal-phenolic network nanoparticles (TA-Eu MPN), not only exert antibacterial functions but also enable
real-time monitoring of the wound healing process through fluorescence imaging.*>> Metal-doped cryogels combine
temperature-sensitive properties with metal ion activity, allowing adaptive filling of irregular wounds.*>® Cu-NP-
embedded hydrogels effectively block antibiotic penetration barriers through sustained release of copper ions and
inactivate bacteria by generating ROS.*’ These materials have shown remarkable effects in preclinical studies: in

358 359

antibiotic-resistant bacterial infections,”” they can disrupt biofilm structures; in diabetic wound models,

360

they can
stimulate fibroblast proliferation and angiogenesis; during infected wound healing,”” they can coordinately regulate
inflammatory responses. It is noteworthy that recent studies have found that copper ions (Cu’") at specific
concentrations®®' may instead promote bacterial proliferation, and induce intracellular acidification, highlighting the
need for precise control of metal ion release kinetics.

These innovative material systems provide multifunctional solutions for skin tissue regeneration, demonstrating
unique advantages in promoting collagen deposition, epithelialization, and angiogenesis, and showing broad clinical
translation prospects. Future research should focus on optimizing the synergistic ratios of metal ions, developing

intelligent responsive release systems, and establishing individualized precision treatment strategies.
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Safety Analysis and Translational Challenges

Despite the significant potential of metal ions (eg, Fe'"/Fe**, Cu®", Zn**, Mn*", Co®") in multimodal synergistic
therapies, such as chemodynamic therapy, immunotherapy, and tissue regeneration, which owing to their unique catalytic,
immunomodulatory, and antimicrobial activities, their clinical application faces severe safety bottlenecks. Most metal
ions have a narrow therapeutic window between therapeutic and toxic concentrations, and non-specific release can induce
oxidative stress, mitochondrial damage, neurotoxicity, or liver and kidney dysfunction. Moreover, the long-term stability,
degradation product profiles, and in vivo distribution and clearance patterns of engineered carriers in physiological
environments remain unclear.

Currently, approximately 85% of research in this field remains at the cellular level or below, with in vivo model
studies accounting for less than 85%, and there is a complete absence of human clinical studies. Therefore, this review
concludes that although basic mechanistic research is relatively sufficient, the overall translational readiness remains at
an early stage (Technology Readiness Level 3—4), with a significant gap to reach TRL 6 or above for clinical application.

Key translational challenges include: the lack of standardized guidelines for evaluating metal ion release kinetics and
toxicology; the difficulty in ensuring scalable manufacturing and batch-to-batch consistency of multifunctional synergis-
tic systems; and the unpredictability of complex interactions between metal ions and the host’s endogenous metal pool,
protein corona, and immune system.

Conclusions and Perspectives

In conclusion, metal-based biomaterials show promising potential in disease treatment, as demonstrated by their
preliminary efficacy in cancer therapy, orthopedic applications, and antimicrobial treatments in vitro and in early animal
models. However, further in vivo validation and clinical translation are needed to establish their definitive role.
Nevertheless, the burgeoning interest in this field necessitates a balanced consideration of the diverse research perspec-
tives and findings that underpin it.

Future metal-based biomaterials will place greater emphasis on multifunctional integration, achieving the combina-
tion of diagnosis, treatment, and monitoring. The application of diverse metal ions offers innovative therapeutic
strategies, leveraging their distinct biochemical properties for specific clinical scenarios. While silver ions provide
antimicrobial effects and iron ions aid oxygen transport, their toxicity requires careful evaluation. Future research
must prioritize targeted delivery systems to enhance efficacy and minimize systemic exposure. Combining metal ions
with conventional therapies (chemotherapy/immunotherapy) could yield synergistic effects. Critical challenges include
establishing safe dosage thresholds, understanding long-term accumulation, and developing biodegradable carriers to
ensure post-treatment clearance. A multidisciplinary approach is essential to balance therapeutic potential with biosafety.

To accelerate the clinical translation of this field, it is necessary to establish standardized in vivo tracing methods and
long-term toxicological evaluation systems, and to clarify the accumulation organs, clearance pathways, and dose—
toxicity relationships of different metal ions. This is a prerequisite for clinical translation. Achieving precise control over
the release rate, action range, and duration of metal ions in complex physiological environments is the key to broadening
their therapeutic window. Moreover, to bridge the gap from positive results in cell experiments to predictable efficacy in
humans, two critical aspects must be addressed for successful clinical translation: long-term safety in large animals and
biomarkers associated with clinical endpoints.

In summary, therapeutic metal ions are undergoing a profound paradigm shift from traditional auxiliary roles to
multifunctional core therapeutic platforms. The field has achieved breakthrough progress in areas such as ion-induced
regulation of cell death, remodeling of the tumor immune microenvironment, and functionalization of regenerative
medicine scaffolds. However, clinical translation remains constrained by the irreproducibility of large-scale manufactur-
ing, knowledge gaps in long-term biosafety, and fragmentation of global regulatory frameworks. In the future, only
through the synergistic advancement of precision in materials design, deep understanding of biological mechanisms, and
Al-driven predictive engineering can the clinical potential of therapeutic metal ions be translated into real-world
therapies that benefit patients.
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